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The u-, d-, and s-quark masses are estimates of so-called “current-
quark masses,” in a mass-independent subtraction scheme such as
MS at a scale u ~ 2 GeV. The c- and b-quark masses are the
“running” masses in the MS scheme. This can be different from

the heavy quark masses obtained in potential models.
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both color
and flavour,
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We have something called a
standard model, but its
foundations are kind of
scandalous. We have not
known how to define an
important  part of it
mathematically rigorously,...

-- Frank Wilczeck
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HOW MUCH DOES THE LHC COST?
 Construction costs (MCHF)

Quantity

Number

Circumference

26659 m

Dipole operating

1.9 K(-271.3°C)

Personnel Materials Total
LHC machine and areas* 1224 3756 4980
CERN share to detectors 869 493 1362
LHC computing (CERN share) 85 83 168
Total 2178 4332 6510

*Includes: Machine R&D
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and injectors, tests and pre-o, eration
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temperature

Number of magnets 9593
Number of main dipoles 12392
Number of main 392
quadrupoles

Number of RF cavities 8 per beam
Nominal energy, protons | 6.5 TeV

" | Nominal energy, ions

2.56 TeV/u (energy per
nucleon)

Nominal energy, protons

§ | second

.. 13 TeV
collisions
No. of bunches per 2808
proton beam
No. of protons per "
bunch (at start) 1.2x10
Number of turns per 11245
second
Number of collisions per o

1 billion
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Vertex Locator

Tracking

T1-T3

Opv x/y ™~ 10 um, Opv,z ™~ 60 um
Ap/p:0.4% at 5 GeV/c, t0 0.6% at 100 GeV/c

ECAL
HCAL

20260721

(K — K) ~ 95%, mis-ID rate (r — K) ~ 5%
Muon system (m1-m5) e(u — @) ~ 97%, mis-ID rate (x — u) =1—-3%

og/E ~10%/VE®1% (E in GeV)
og/E ~70%/VE ®10% (E in GeV)
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Total recorded luminosity — pp — 37.0 fb!
40

F
= Run 3 - 27.90 / fb ch
- e
LO Hardware Trigger : 1 MHz > D msaaeTevy s3m % /
. . = ———— 2025(13.6 TeV): 11.81/fb
readout, high Er/Pr sighatures Z T 36TV 956/
& 30 ——— 2023(13.6TeV): 037/1b
450 kHz 400 kHz 150 kHz é* ———— 2022(13.6 TeV): 0.82/fb
= 75 Run 2 - 5.90/ fb
"8 ————— 2018 (13 TeV): 2.19/fb
. . = — 2017 (13 TeV): 1.71/fb
. Software High Level Trigger . =20 2016 (13 TeV): 1.67/fb
. . qb)l) ————— 2015(13 TeV): 0.33/fb
_Partial event reconstruction, select = Run1-3.23/fb
displaced tracks/vertices and dimuons = 15
A i ————— 20128 TeV): 2.08/fb
. = ———— 2011 (7TeV): L11/fb
. : = — 2010 (7 TeV): 0.04/fb ~
Buffer events to disk, perform online S 10 7N LS2 7
detector calibration and alignment qu /

Full offline-like event selection, mixture / Lst =
of inclusive and exclusive triggers 0 7
Q N Vv > ™ 5 © A S S \\} N W ™ I3 o) ©
N N \¢ S \M \ N Y 3 \ W 3 ) v v v v
< <L <} I O O O U U i o

12.5 kHz (0.6 GB/s) to storage
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LHCDb Upgrade

RUN1/RUN2 RUN3

40 MHz bunch crossing rate

LO Hardware Trigger : 1 MHz
readout, high Er/Pr sighatures

LHCb Upgrade Trigger Diagram

30 MHz inelastic event rate
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450 kHz 400 kHz 150 kHz [eFuII event reconstruction, inclusive ands]

xclusive kinematic/geometric selection
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. [ 1 Output full event information for inclusive
Full offline-like event selection, mixture 041 w ] triggers, trigger candidates and related
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> IF Ir " o T T
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E h [ —— T I =0.12 j Q
5] Fotr— — 2
: . & 0.8 _— 40.10.2
Buffer events to disk, perform online = _ % |Add offline precision particle identification
detector calibration and alignment 06E — 10085 land track quality information to selections

g
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the baryon system”
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SELEX claimed £f. » ATK 1™ (6.30)

#1 SELEX

— M:3519+1 MeV
— T:<33 fs @90%CL

— O o 20% AZ from E,

Also £f. - pDYK~

45

Events/2.5 MeV/c
W
o

25

©w
T

4-bin Poisson Prob
<64x10™
L/ic>1.0

%46 348 35 352 354 356 3.58
M(p D" K)
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[PLB 628 (2005)18]

Events /5 [MeV/c?|

o ~» O
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3.47 3.52 3.57 3.62
Wrong-sign (b)

32 33 34 35 36 3.7 38 39 4.0

M (AKT*) [GeV/c?|
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LHCb, PRL 119 (2017) 112001

The LHCb Chinese scientists played a crucial
role in the observation of the new particle.

z Z AF They are being rewarded for a long standing
=+ d and highly recognized experimental effort.
cc g}ﬂ.Jr
<::,a B A group of Chinese theorists provided also
c > > S}K fundamental inputs to drive the analysis to
W%g}fr the right direction and gave key suggestions to

achieve this result.

B> K ntntAt(-> pK~nt) Giovanni Passaleva (LHCb Spokesperson)

vAg
<'AC,>«'>* -5

PV
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LHCb, PRL 119 (2017) 112001

m(EL") —m(AY)

= 1134.94 + 0.72(stat) + 0.27(syst) MeV
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LHCP

discoveries
-

All three new
doubly charmed
baryon states
discovered by LHCb

20260721

Observation of the doubly charmed
heavy proton =..".

© 17/03/2026 @ BOLEK PIETRZYK

Today at the Rencontres de Moriond Electroweak meeting,
the upgraded LHCb experiment at CERN announced its first
particle discovery: a new kind of heavy proton-like particle

known as the Zcc'....

mLEIE2026  EE

Candidates per 4 MeV/c2
EmE s B

(5]
=1

0|

C + pata LHCb63f" ]
:_ — Fit Vs=13.6 TeV

E I signal ]
:_ = = Background -

1 1 1 1
3650 3700 3750 3800
mmd([l:c) [MeV/c?]

to be
discovered

coNFERENCE || LATEST PosTs | oTHER J PHYsICS RESULTS

Observation of the doubly charmed
baryon Q..*

© 03/06/2026 @ BOLEK PIETRZYK

In a major new discovery, LHCb has announced the
observation of the doubly charmed Qcc+ baryon at the

Beauty 2026 conference in Maastricht. With this...
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LETTERS 1 February 1964

Multiquark states have been discussed since the 15" page of the quark model

Received 4 January 1964

If we assume that the strong interactions of bary-
ons and mesons are correctly described in terms of
the broken "eightfold way'* *~?/, we are tempted to
look for some fundamental explanation of the situa-
tion. A highly promised approach is the purely dy-
namical "bootstrap” model for all the strongly in-
teracting particles within which one may try to de-
rive isotopic spin and strangeness conservation and
broken eightfold symmetry from self-consistency
alone 4). Of course, with only strong interactions,
the orientation of the asymmetry in the unitary
space cannot be specified; one hopes that in some
way the selection of specific components of the F-
spin by electromagnetism and the weak interactions
determines the choice of isotopic spin and hyper-
charge directions.

Even if we consider the scattering amplitudes of
strongly interacting particles on the mass shell only
and treat the matrix elements of the weak, electro-
magnetic, and gravitational interactions by means

M. GELL-MANN
California Institute of Technology, Pasadena, California

A SCHEMATIC MODEL OF BARYONS AND MESONS * {

ber ny - ni would be zero for all known baryons and
mesgons. The most interesting example of such a
model is one in which the triplet has spin 3 and

z = -1, so that the four particles d-, s~, v and b®
exhibit a parallel with the leptons.

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 %, 2 = -§, and baryon number 5.
We then refer to the members u3, d-7, and 577 of
the triplet as "quarks" 6) g and the members of the
anti-triplet as anti-quarks §. Baryons can now be
constructed from quarks by using the combinations

), etc., while mesons are made out
of (qa), (qqqqJ, etc. It is assuming that the lowest
b‘a?;énmxg—umuon (aqq) gives just the represen-
tations 1, 8, and 10 that have been observed, while
the lowest meson configuration (qq) similarly gives
just 1and 8. .

http://cds.cern.ch/record/352337/files/CERN-TH-401.pdf

Multiquark states have been discusse

d since the quark model was proposed
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2 /B
gﬁg&ﬁw%
[ P MBI SRR Belle, PRL 91(2003) 262001

X(3872) & x.1(3872)

B - KX(3872),

LI

—RIFH LR

Charmonium (cc)-like spectrum

4800
u — X(4700)
[ — Y(4660) ,.
4600F 7|
L v(s) —z (4430) ~ X(4500)" _
s 7 P?(4450)
4400 - =% ” P — P{(4380)
100k E 3{)}4220) . — X274 — Z*(4250)
[— x(@160577 W\ -/.7 2 (4200) —_ X(4140)
[--- “'(35) \ - — —
4000 : | _Z (4020) ) -’0 ’,/ x (2P) — Z'(4050) D*D*
[—26290) | ; —X(3915) ~"- D DD*
3800 (D) ) 5;‘3872) = ¥, (P——
hes) Y8 = /// DD
3600F s P N
™ cl
3400
3200f
b (15)
3000 2
o+ I 1'% ot 1 2 27 &other
20260721

X(3872) - nnJ /

—11200
>

[}

(72}
(72}

10600~

10400

10200

10000
9800 |

9600

9400

2 11000}

< 10800F

S 300:— —
S [ < YP(2S) |
(@] - p
S 200 .
o i i
_.9 L i
C - i
8 1ol 72)

R

0.40 0.80 1.20
M@= 1'T) - M(I'T) (GeV)

Bottomonium (bb)-like spectrum

F Y.(65)
- -Y (10860)
) I (10650) BX*B*
5 : N — BB
' h, (2P) x é;'is) Lox,@P) %P
N e
[, (2S) _I_|
L ni
L G wad [Rev. Mod. Phys. 90, 15003 (2018)]
o+ 1 1+ o+ 1++ 2++ 27

mLEIE2026  EE 34



©(1540)

« LEPS 3£3§ @ SPring-8
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Experiment
SPring-8
DIANA
CLAS-1
SAPHIR
ITEP
CLAS-2
ALICE
HERMES
COSY-TOF
SVD-2
JINR-1
ZEUS
JINR-2
NA419

20260721

Mass(Me'V)
1540410
153942
154245
154044 + 2
153345
155510
1532+-
1528+2.64+2.1
153045
1526343
1545.1412.0
1521.54+1.5%33
154144
1535-+-

Width(MeV)
< 25
<9
<21

< 25

o

< 20

o

< 26
< —
17+9+3
<1844
<24
16.3 + 3.6
6.1+ 1.6720

8 +4

Reaction
Y
KtXe
yd
P
vCC,7vCC
P
ccC
yd
pp
pN
pC3Hs3
ep
np
pp

mLEIE2026  EE

Production

nK+

nK+t — pK?
nK+t
nKTt
pK{
nK™t
pK?
pK/

StpK?
pK{
pK?
pKJpK/

nK+
pK?Y

s

Summary of Positive Results

hep-ex/0301020, PRL
hep-ex/0304040, ?

hep-ex/0307018, PRL
hep-ex/0307083, PLB

hep-ex/0309042, ?
hep-ex/0311046, PRL
Proc. Mong. Acad Sci.
hep-ex/0312044, PLLB

hep-ex/0403011
hep-ex/0401024
hep-ex/0403044
hep-ex/0403051
hep-ex/0404003
http://na49info.cern.ch
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Summary of Negative Results

Experiment ©71(1540) Z=77(1862) D* p(3100) Reaction
(uudds) (ddsss) (uudde)
—> HERA-B NO NO pA > OTX, 277X
E690 NO NO pp— OtX, 27X
CDF NO NO NO pp — OTX, 77X, ©°X
HyperCP NO o K,p—O0TX
BaBar NO NO ete” - OTX, 27X
ZEUS yes NO NO ep — OTX, 27X, ©°X
ALEPH NO NO NO ete” > OTX
DELPHI NO efe” —» K%
—p PHENIX NO AuAu — 61X
FOCUS NO vyA — ©°X
—> BES NO efe” - J/¥ - 76—

O null results published, only 3 on arXiv so far
= need null results to be published

20260721 BUEIE2026 EHiE
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JLab CLAS-2006 PRL 96, 212001 JLAB-CLAS
- points: 2003
— 1+ P
Vd - pK"K™n B - histogram: 2006
100 n
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< - + *‘Mﬁ ; C
< s0f 30 stat. " I;I‘M'I#** ++.|+|.|. st
c 1. * -
2 6o0f +ﬂ+ :
= s m "
: -
— 40 # .
= B I >
2 20F 1"" 1 s
e T
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= CLAS-2003 “observation” =
é- Z0 _—
2 1S —
=10 4 15 s 17 .1.8. T 19 2
— = MM(pK') | GeV/cT)
ki M(nI\ > 1 (-LV/L— 1
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Recent reviews:

* K. H. Hicks, Eur. Phys. J. H37, 1 (2012);

* T Liu, Y. Mao, B.-Q. Ma, Int. J. Mod.
Phys. A29, 1430030 (2014).

C. G. Wohl in PDG2008:

The only advance in particle physics
thought worthy of mention in the
American Institute of Physics “Physics
News in 2003” was a false alarm. The
whole story - the discoveries themselves,
the tidal wave of papers by theorists and
phenomenologists that followed, and the
eventual “undiscovery” - is a curious
episode in the history of science.

20260721

@(1540)+ 1(JP) = 0(?7) Status: *
OMITTED FROM SUMMARY TABLE
PENTAQUARK UPDATE

Written February 2006

In 2003, the field of barvon spectroscopy was almost revo-
lutionized by experimental evidence for the existence of barvon
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 @7
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 @*: 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,
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« AY = (udb)
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Event 2517840647
Run 125013
Thu, 09 Aug 2012 05:53:58

Ap |

PP
collision point

Ay

decay point

== S |

Event 251784647

Run 125013
Thu, 09 Aug 2012 05:53:58
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Ay —J/ypK~ fEI5E (2)

. HFNE A E6

PLB 734, 122 (2014)

LHCb
0.18 —

Yield ratio

0.16 —

% = 0.974 +0.006 = 0.004 s |

"L’Bo

- Consistent with HQET predictions

T

0.12 —

0.2 1 1 1 l 1 1 1

(was 0.798=0.052 in 2002-2003) ° >

. {ER A= J/ypr TRNARETFETR

JHEP 07, 103 (2014)
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Ay —J/ypK~ &5 (3)
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m2.,, [GeV?]

A)—J/ypK~ &5 (4)
. FRNE A0 WFEERE, BREE
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« 20155 FLHCObEEE B X EZMAST RS

LHCb, PRL 115 (2015) 072001
LHCb, CPC 40 (2016) 011001
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decay point
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. Ay Ty
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« 2015FFLHCOEBHAXEZMAT RS

LHCb, PRL 115 (2015) 072001
LHCb, CPC 40 (2016) 011001
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LHCb, PRL 122 (2019) 222001
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“plain”
triquark
diquark model
model

hydro-charmonium
model

molecular
model
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