TR

OTKpbITUE ABa>KAbl-
oYyapoBaHHbIX OapMOHOB
akcnepmnMmeHToM LHCD

[3t06a Anekcen AnekcaHapoBsuy
NNabopaTtopuna 6apmoHHon dmnsmkn OOBI, HALL KN - TTNAD
07 nona 2026r.

CeMunHap OPB3



AHHOTaUUA

* CucrtemMmaTtmka agpoHoB Ha ocHoBe rpynnbl cuMmMmeTpmm SU(4) no
KBapKOBbIM apoMaTaM npeanonaraet Hannume 20-nneta 6apmoHOB cO
cnuHoM 1/2. 1o cocTtoaHuto Ha 2015 roabbinn sKcnepmuMeHTanbHO
oObHapy>XeHbl Bce cocToaAHMA 20-nneTa, KpoMe aBaxkabl 04apOBaHHbIX.

* B2017 roay skcnepumeHT LHCb Ha bBonbwiom agpoHHOM Konnanaepe
(BAK) 06baBWMA 0 pernctpaumm 6bapmoHa =_.**. B ganbHenLueM bbino
OTKPbITO HECKO/1bKO KaHasioB pacrnaja 3Toro agpoHa h USMepeHo
cpenHee BpeMs ero >XU3HMU.

* 3TN N3MepPEHUd, a TakK>Ke NPeLn3noHHbIE USMEPEHUA BPEMEH XXN3HU
6apnoHOB c OANMHOYHbIM 0YapoBaHMEM, NO3BO/INAN ONTUMU3UPOBATL
Kputepuun otbopa cobbiTnn Anda noncka yactmy, = " n Q_°.

* =.. nQ_", 66111 obHapyXeHbl B 2026 roay B pe3dynbtate oopaboTku

cc ’

OaHHbIX TpeTbero ceaHca pabotbl BAK.



Outline

* Baryon states in SU(4)
flavor symmetry model

« SU(2) © SU(3) > SU(4)
* LHCD (including Uprgade-I|)
* Discovery of =_.**
* Lifetime measurements
* Discovery of =__*
* Discovery of Q_."

Mass—|2.4 MeV
charge-
spin-

name-=

1.27 GeV

down

Quarks

strange

bottom

arg(Vea) ~ 10™

ar g(Vcs) ~ 107




SU(2) = SU(3) = SU(4)

Reliable prediction tools



Symmetries and conservation laws

/ 3 . . . .
lp' — l,l/ =U lj/ Let laws of nature are invariant under some transformation (symmetrical)

<l,l/|1}f> : <1}f"‘|,lff> = <C’ljf|0 ljf) = (1}/|6’*0‘l{/> To keep normalization of the wave
~ 1 A function corresponding operator must
— U'U=1 have unitarity property

<l[f|[j1‘lp> - <1!j"‘ﬁ‘[p"> — <W‘UWH0W/> UTHU = H Therefore it should commutate with

the Hamiltonian operator.

AAAAA

UUTHU =UH = HU=UHA [H,U] =0

Generator of transformation
A oA aan . . A
U=1+1ieG UU' _(1+feG)(1EEGT)_1+58(GG*)+><)

0 =[A1+ieG=0 =[A,G]=0
<

> - 5<[Ha G]> =0 Schoedinger equation requires conservation of some property

4
dr :



— m Smallwrt QCD scale parameter

My Mg << Mg << My < My << Mg
Symmetry of Lycp 0SS s S T f
. 1 Y,ur/a m: 7 ,t N t ~ . )\2 B a
L’QCD (l) — _1 ,U!/ + Z 1_ ‘g ? D,u af3) ]C)a-;ﬁ'mq)@-/‘q:‘?: D,u(('x-.’?) O 38;1 - ?gsTBy (l)
qg=u.d

* One can construct additional bi-spinor:  v.(x)

I
N
o S
o Q
Z =
~

I
7N

o —
~__~

° I I ? | o _ .. _
Which U remain Lyp unchanged? Fo) = i) — G = (U Bi(e),

o o
* Unitarity: 350 () (7 Dyts) — T80} () = G (2) (0" Dy — 1am ) (U) (U ).

* Skip phase = SU(2) U =6 e OU=1  detll = e

1
Loen(z) = =G (a NG (@) + o (1) (19 Dy — 1,5mg) ().

* Conservations of corresponding current and charge



ISOS pi n Vpp ~ V”p ~ Vin Strong nuclear forces are charge independent

1932 Heisenberg propose that if one could “switch-off” of electromagnetic interaction proton and neutron would
be not distinguishable

p— (]) - (U) Two states (proton and neutron), but one entity (nucleon) > ISOSPIN concept

0 : Iso-doublet with isospin='2 and its projections =+/- 2

Lows of physics of strong nuclear forces are invariant under rotation in the isospin space

This is approximate symmetry which is broken by electromagnetic
interactions, so one can distinguish between proton and neutron

At quark levelisospin projections corresponds to a doublet of two light quarks

U= ({]]) d = ({l}) Generator of the group are Pauli matrices and math is almost identical
to the math for the spin-1/2 states (SU(2) symmetry)
u ~ (U Uy U\ (u |-T-_|”f> = |L1h> T*\LL) =1(I+1)|I,I)  T3|l,5) = L|1,1)
f p— U p—
d d Ut Un ) \d . : :
Best predictive tool for strong interaction sector of the Standard Model!



Strong force driven decays and CG coefficients

. ‘j1j2j-m> - Zci}:;ljzmg j1m1j2m2>: Z(jlmljzmQ |jm)‘j1m1j2m2>;

J2m2 Ry, Gy

|j1m1jzm2> = Zciijgmg J]Jg]m> = Z(f1m1jzmz | ]m)‘.]]mlj2m2>
Jjm

Jm

Ay
J1M http://pdg.lbl.gov/2011/reviews/rpp2011-rev-clebsch-gordan-coefs.pdf

Particle Data Group tables:

J N
VRVARVEY RS waon: |
n = ml + mz my, m; | Coefficients
Aplicable to spin and to isospin ' 3;3'
] x ] IE v3s210 32 /2| ) 1sospin of K*
K* decay into pion and kaon +1 +1/2 11172 41./2 || 1sospin projection

Decay amplitudes =2 Charged decay channel

Neutral decay channel

+1 =172 1/3 12/3
D+172 253 4173

Don’t forget square root!!

Note: A square-root sign is to be understood over every cocfficient, e.g., for —8/15 read —/8/15.


http://pdg.lbl.gov/2011/reviews/rpp2011-rev-clebsch-gordan-coefs.pdf
http://pdg.lbl.gov/2011/reviews/rpp2011-rev-clebsch-gordan-coefs.pdf
http://pdg.lbl.gov/2011/reviews/rpp2011-rev-clebsch-gordan-coefs.pdf
http://pdg.lbl.gov/2011/reviews/rpp2011-rev-clebsch-gordan-coefs.pdf
http://pdg.lbl.gov/2011/reviews/rpp2011-rev-clebsch-gordan-coefs.pdf
http://pdg.lbl.gov/2011/reviews/rpp2011-rev-clebsch-gordan-coefs.pdf
http://pdg.lbl.gov/2011/reviews/rpp2011-rev-clebsch-gordan-coefs.pdf
http://pdg.lbl.gov/2011/reviews/rpp2011-rev-clebsch-gordan-coefs.pdf
http://pdg.lbl.gov/2011/reviews/rpp2011-rev-clebsch-gordan-coefs.pdf

|Isospin operator; ladder operators

r’d

—

Tzéﬁ _t}:eff*-""
[fl fg]—.!f'; [fg HJ—.-.‘I] [f‘; |]—.J.'Tg
[T2.T3] =0 T2 = TP +T7 4+ 17
— T T
T =T —iDh . 1 os L
u-d T, |1,I3) = \/H'+1 — LB+ )|LE+1)

T |I,I) = \JI(I+1) -

[l
/"'_|"\
=
S~

| o8
?=l o

—>

| > I3

-0

v
o3

b=
b=

ol F

= ()= (30) ()= ()=

T.i=-d T,d=0 Tu=0 T d=-u
T+M:O T+d=b£

T_u=d T-d=0

(=15 —1)

0
J=14+5 a=(}) =14-b
d 1 I I
-1 :1 » | [:E I; = 3
—2 *3
T +iT>
d—u

One can take one state (for
example meson), apply ladder
operator and construct full set of
states (meson multiplet)

Prediction of neutral pion!




Isospin representation

Pions for antiquarks
1 SN =
|1 +1>:|§ +§>|§1+§>:_ud Charged plons
1,-1) = |3.=2)|3,—2) =da
— Also worked for X°

I3=0 I_1,+1) = T [_”d] prediction from properties

V2|1,0) = —T_ [u]ld—uT- d] of charged Z states

=  —dd+ui

=>  |1,0)= 5 (ui—dd) Neutral pion
0,0) = f(uu-l-dd) € 77

There were too many candidates into a pseudoscalar singlet.
Some of them belongs to a so-called strange particles.
What to do with this “zoo0” keeping idea of symmetry? 10




U(3) flavor symmetry

Let’s add third (strange) quark:

m5 >mujmd

u' u U1 Uz Uss u
d|=U|d]| = U1 Uy Ups d 18 parameters, but the requirement of unitarity for U will bring us to
s/ S Usz1 Usp Usj Ry 9 matrices of the U(3) symmetry group, one of which is trivial, and
5 | 7 . G T other 8 Hermitian matrices forms SU(3) group
T = jl U = E.’Ia
T:tz%(ﬂ.lillz) d 4 Y 1" .
Ve = L (% i) e T Gell-Mann matrices are generators
Us = L (A +ik7) \ / 5 of the SU(3) group rpynnsl
I=1M ||Y — %18 Ui\ Vi
-2 @ Two additional ladder operators (U and V),
010 —; S : . .
o 1,_(100 12:(? 58) 13:((1) e which are analogous of the isospin ladder
000/ 0 00 0 00 operator = U- and V-spins
001\ 00 —i :
ues| =[(000)2=(00 0 - = = —
100) ’ [0 0 Ag}((l)(l) 8) Id=u;, T_u=d;, Tiu=—-d;, T-d=—u
000 00 0 ) Vis=u; Vou=s, | Viu=-5 V.5=—1u
des| =001 A= 00 —i — _ — =
010 0i 0 Uis=d, U.d=s; Usd=-5, U_5==d




Mesons (octet and singlet flavor states)

* Three central have zero hypercharge

ds e $1l o Us and |,.
d u 25 F * Their wave functions can be found
'T’ du. “ddudssis v using ladder operators as orthogonal
— ® > = - @ 1 ' > state.
B A * Applying (T, U and V) one can found six
§ U d : L
' i = relation and using first as for neutral
SU &t | sd . . .
2 ~ pion find another as orthogonal to it.
ds L o Us _ : :
y_ / _ W = 1 ( Ul — da) Neutral pion
dﬂ# AR {:.Ma T, |da) = |um) — |dd) T_|ud) = |dd) — |uu) v2
—@ + E'ﬂ . > N

/ \ I V. |sit) = |uw) —|s5)  V_|us) = |s5) — |uit) W = o |ut) — |s5)) + B(|dd) — |s5))
A Us|sd) = |dd) —|s5)y ~ U-|d5) = |s5) — |dd)
UN A== (Wilya) =0 (yalys) =1

Y, = Lﬁ(uﬁ—kda— 255)

Sﬁ . ........... '. ‘S‘d

The last of nine states (singlet one) couldn’t be found using ladder
operators (it is not member of octet), but it could be found as orthofgoanl
with respect to other wave functions of neutral mesons.

As SU(3) is approximate symmetry singlet and octet state can mix!



Pseudoscalar mesons (L=0, $=0, J=0,P=-1)

KO(ds) o4 e K*(us)
n~ (du) ' I n 't (ud
@ @}r '_"'"(u ) nl = ﬁ(uu—dd}
| n n ~ ﬁ(ourdd 255)
K~ (su) [ ‘-Ifﬂ(sa) n' ~ %(HH+dd+S.&) singlet
Vector mesons  (L=0, S=1, J=1, P=-1)

K*C'(di) 0. .4 . K (u5) Symmetry is not precise and mixing between singlet and octet
: states is possible (introduced via mixing angle).

1 0 0] + —

R =
" ¢ OES T (un+dd)
K*— (TE}.‘ ................. .F(}(SE) l;f) ~ 58

7~ 140MeV 0135 +:770MeV 0.

; y MeV P e p" :770MeV

K*:494MeV KO/K’:498MeV | [K**:892MeV K*0/K* :896MeV
1 :549MeV n': 958 MeV o : 782MeV ¢ : 1020MeV

13




SU(3) flavor multiplets for baryons

AT = [uTuTu! AtY = [uTu'd’ A = |uld’d’ A7) =|dTdTd!
|a**) =]

P_3* P_1*
J - 2 J - 2 |Z‘*+> = ‘HTUTST> ‘E*O> = ‘quTsT) !E*_> = |deTsT>
- 0 + ++ S =) =[uls'sT)  [277) = [d's'sT)
A A A A n D
. . ° e 0 * . Mass splitting o) [olelsly
due to m, .
2*- E*{} 2*4. y- ﬁ\{} Z{} z+
° * ° —+-1 ° oo ° | i ,
Wiotal — gspatial * GAavour r\;Spin ' @ colour
—%= —*()
S SR S
= = | 1 | | |
@ 3 @ colour — ﬁ Z Z Z Safy |Claclﬁq‘r>
1T a=r,q,b B=r,g.b vy=r.g,b
| | | | | | +1 — f 1 L‘\'
1 0+ - 0 +1 2} = [o'uls’)
13 13 Y1) = [uldTst) ATy = |[uld!sT)
Mass and decay chains were predicted Y1y — \dT d1'51_} +

at SU(3) basis

14
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Color singlet for baryon wave-function

V®'\7'@V : Q Q@@

SU(3)-color group of symmetry 999 — T (rgb —rbg + gbr — grb+ brg — bgr)
bbb

To prove that this is indeed a singlet combination one can use ladder operators to show:

Tl = = (rrb — rbr+rbr — rrb+brr — brr) =

Ve
T wqqq 0; V:I:Vfgqq =0; ingqq —
For which quark states color ® 7. 99 Mesons and baryons

smglets are possible to @ 9999, 99999 Tetraquarks and pentaquarks
construct? °



Discovery of doubly charmed tetraquark

* Narrow resonance has been discovered in the
mass spectrum of promptly produced system of
D°D°rt* mesons.

* Doubly charmed exotic resonance has a mass
below D**D°threshold

 Minimal quark content ccud.

Nature Physics 18, 751-754 (2022)

* More informatio:
 Seminar of |.Belyaev (video)
 Seminar of V.Baru (video)

Compact hadrocharmonium-

like state

Hadronic molecule

or

Yield/ (500 keV/c?)

70¢ I P S S S S R
: LHCh =¥ | NEE
60—  |Preliminary g 308 + i i 11
= | gt 2 ]
oo 1" A
oo | T A
20" + | — B ! =
C HH W M e
R @ +H % T +H ﬂ %
3.é7| | 3.88 3.89 II 3_.9
Mpop0,t (GeV/?]

D°D°rt* mass spectrum with the approximation.

In addition 7_,.,* mass region is shown. Vertical lines
corresponds to thresholds for production of pairs:
D*D™ and D°D™ .


https://hepd.pnpi.spb.ru/hepd/events/abstract/2021/HEPD_Seminar_Belyaev.I.M_21.09.2021.mp4
https://hepd.pnpi.spb.ru/hepd/events/abstract/2021/HEPD-THD_Seminar_2021.12.02_Baru.V.V.mp4

In the constituent quark model masses of state are defined by

Ba ryo n m a Sses masses of dressed quarks and spin-spin interaction

1.2 4 FQ'
- ) m h o; O
— [ ] Vs (0;q4) = v L 5(x)
o f f—Q ss(idj) 9 ¢ ° ;1M @
% 1.6 —
8 | =+ 3 3
- e 4 —3 for S=1/2
%1.4_— H—3* ZJL JJ":_QZSE S = 2 for § — 3/9
= [ th—=2 ij=1 i,j=1 +3 for 5 =3/
i t—A 1<y i<j
12 t—X
- i—A i A1 mas
i I —3- ifl T(;L ¥(0)|?  for the nucleons,
1 0 3 ma g
- tH—N 153 7o
= AMy =< +3- AR mag (0)|2  for the A states,
= 9 3 m.ﬁ d
0.8 ’
- - - - 4}_'3: (Xg C o
S 0 0 1 1 2 3 +3 - —1—37032“ ¥(0)|2  for the € baryon.
| 12 32 0 1 12 0 \ 9 ¢ mg
M=) m;+AM. mad ~ 363MeV/c2, my ~ 538 MeV /2
1 18




Adding charm

* One can extend SU(3) flavor symmetry

to SU(4) one by adding fourth (charm) Mass splitting |
quark 0~ Mesons due to m, H

* 16-plets for mesons

=od Charm = +2

* 20-plets for baryons

A Charm = +1

* All meson ground states has been
discovered _ I, Charm =0

liii

Ei

* For baryons double and triple charm Charm =0

states are in focus of experimental w6 SE U 0 Charm = -1
searches

19



Weak force driven

Doubly charmed baryons =

z

 Two SUS3 triplets are predicted as parts of two SU4 P
baryons 20-plets

 Many predictions:
e M(Z..""")in[3.5-3.7] GeV

¢ M(Q_)=M(Z,,)+0.1GeV

cc
* Few MeVisospin splitting between =_.*" and ="

« Lattice QCD: M(Z__*"*)~ 3.6 GeV, M(Q2__) = 3.7 GeV
 HQET: core from heavy diquark

* Lifetimes predictions T(E&"C"') € [ 200 — 700] fs Ef:ebgegiﬂeb;ﬁﬁgr

T(E& (ccw)) » t(Ed(ced)) to a heavy Qq meson

20



M/MeV = ny - 3000

Predictions from Lattice QCD

4300
5500 Qs |
e & Ot +  Expt[1] ¢ :Brown et.al [13]
® Lattice QCD (Brown et al., 2014) = = 4200 * - This work [ : Perez-Rubio et.al [14]
5000 |- - = ¢ :Padmanath et.al [20] ¥ : Briceno et.al [11]
Qs s 4100 ® :Mathuretal [21,22] % :Namekawa et. al [15]
- 4 : Alexandrou et.al [12]
4500 - O 2 7] 4000
Zep T & -2 —~
E = s D 3600
4000 (- 3 3 = . ‘
£} -—j{ j == Qs Uy 2% 2
* - Zeh b =ecb : — :
3500 |- _i :c e - . "N: o 4 .l’a+
Qr - < + # T +
. 3700} +* +‘+@ +,; O
3000 =, T = { _{__I_ - - § + |
As —i—i_i_ + 3600} 'ﬂ%l%
- _}_‘}"__!F_ o
2500 |- —I—;T yiin E,- Q2 =
5 = = e Brown et al, 3500 - — "
A Phys.Rev. D90 (2014) no.9, 094507 (= = .. §2.
2000 3400

As before Charm-2017

21



=eett - Lifetime

Reference =oo™* (PS) =oo* (PS)

Karliner, Rosner, 2014 0.185 0.053

Kiselev, Likhoded,
Onishchenko, 1998

Kiselev, Likhoded, 2002 0.460 +/- 0.050 0.160 +/-0.050  0.270 +/- 0.060

Guberina, Melic,
Stefancic, 1998

Chang, Li, Li, Wang, 2007 0.670 0.250 0.210

0.430 +/- 0.100 0.110 +/-0.010

1.050 0.200 0.300

22



Three editions of LHCDb



[ ] [ ] ‘ .
e e e ‘ ’ I l S ( > Magnet side (pixel) inner tracker Timing calorimeter
r I I stations e < & improved reso.
w hogatn o
Magnet & ECAL M3
Magnet Stati e M2
H2
RICHI ek
T,

Consecutive efforts to attack
challenges that higher
luminosity measurements at
forward region are bringing

LHCDb at Runs 1-2
A ECAL HCAL
SPD/PS M3
Magnet RICH2

RIC

/{/Ki H'lFT -
(Gn

&
i "l

JINST 3 (2008) S08005
Int. J. Mod. Phys. A 30 (2015) 153022

LHCDb at Upgrade Il

Time-of-flight detector
for low-p PID

Cherenkov (RICH)

using timing, improved
resolution

Alternative
technologies for
high-rate regions

LHCDb at Upgrade |

Side View ecaL HCAL

ALl Ll

| \\ Luminosity

L =1.5%103*cm2s"!

‘ —?E e B Lint = 300 ﬂ')_l
JINST 19 (2024) P05065 U=~ 40

L = 2%x1033¢cm2s!
Lint =50 fb-l
u=5

L =4%x10%%¢cm2s"!
Lint - 9 ﬂ)'l
p=1

24



Charm and beauty production into forward region

Gluon fusion is main production mechanism for
pairs of heavy (c & b) quark-antiquark pairs

Produced charmed hadrons go together in forward
direction (LHCb acceptance 2<n<5)

LHCb MC
Lorentz boost provides signature for c- & b-hadrons e
selection

Tagging for prompt-c and c-from-b

Secondary

Prompt tagging h . (semileptonic) o

Primary PV _ B
vertex (PV) D° N
y ' [ T
D*+<l’_‘: . f? — ?Tij K: 1 X
%

“ _ N "'--LU'U
n+ . ] '] '] M
Higher tagging rate More efficient triggering

25



LHCb: Find \ Identlfy\Measure oo

Muon system — nice tagging &
great potential to search for

Excellent vertexing allows efficient Excellent PID allows to suppress "

heavy quark hadrons selection / gives | background dramatically and Nare decays with di-muons

access to decay time distribution / explore many decay modes

prompt-secondary separation for ]

charm / / E#I‘D(E) >95 % ECAL HCAL M5 \ \ €PID (Ju) > 97 %
MsID(K—m) <5%  Spp/pS T ha N\ | MisD () <3 %

Magnet

Protons collision poi

RlCH]

o(IFP) =~ 20pum
op/p=04—-0.67%

Etrack 96 %

/' JINST 3, (2008) S08005;
Int. J. Mod. Phys. A 30,
[ (2015) 153022
26




Lu m | nOS|ty a nd tngger LHCb 2015 Trigger Diagram

40 MHz bunch crossing rate
* LHCDb operated in constant instantaneous luminosity mode

(1.1 visible interactions per bunch crossing) C’ C’ U’

LO Hardware Trigger : 1 MHz

* Two stage trigger, which is efficient for hadrons and muons
* Turbo stream for Run-2 — candidates reconstructed at the trigger readout, high Er/Pr sighatures
level saved directly for offline analysis + (online alignment and

calibration): Ael e 4‘:;:;“ =9 /';Hz
* huge accepted rates (more data, as event sizes are smaller)
LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018 . Software H ig h Level Trigger .
- [ ] 2018 (6.5 TeV): 1.00 /fb * .
8 L e e oo Partial event reconstruction, select

7 - 2015 (6.5 TeV): 0.33 /fb displaced tracks/vertices and dimuons
E L] 2012 (4.0 TeV): 2.08 /fb . .
- 2011 (3.5 TeV): 1.11 /fb . N

EG.ID (35 Te‘u’]l: 0.04 /fb

Buffer events to disk, perform online

detector calibration and alignment

Full offline-like event selection, mixture
of inclusive and exclusive triggers

o U U

2010 2011 :2012i 2u1i3 2ni14 2i015 izma 2017 2018 12.5 kHz (0.6 GB/s) to storage

Year

Integrated Recorded Luminosity (1/fb)

Comput. Phys. Commun, 208 35-42

Int. ). Mod. Phys. A 30, 1530022 (2015) 27



LHCb Upgrade | (Runs 3 & 4)

Higher luminosity (roughly factor 5) | ycp at Upgrade |
+ higher sensitivity // el gyt LHCb-TDR-023
40 MHz redout O e

Software trigger

Luminosity

L = 1.5%x103*cm2s"!
L = 300 fb!
U= 40

JINST 3 (2008) S08005 28

Int. J. Mod. Phys. A 30 (2015) 153022



VELO: NEW SILICON PIXEL RICH1 RICH2

DETECTOR New optics of RICH1 mirrors, with New multi-anode photomultipliers
b f) Vertex Locator (VELO) replaced by a larger curvature radius. replaced the hybrid photon detectors
W h at S n eW new silicon pixel detector, installed (HPD) in RICH1 and RICH2.
g as close as 5.1 mm to the proton
beams.

 Pixel-based VELO closerto
the beam pipe:

e 8.2mm~>5.1Tmm

* Upstream tracker with
higher granularity

* New SciFi tracker

RICH with new mechanics,
optics and PMT readout

* PLUME new detector to
measure luminosity n:
* New SMOG2 SySte m for TRACKER: New UT TRACKER: SCI-FI FRONT-END ELECTRONICS
. . New high granularity silicon Three new scintillating fibre tracker All front-end electronics (i.e. those
flxe d ta rget p hyS | C S microstrip upstream tracker (UT). (Sci-Fi) stations. connected directly to the detectors)

have been modified.

JINST 19 (2024) 05, P05065 29



Software trigger

HLTI1

processing 26
MHz collision
data on 330
GPUs

4 TB/s
30 MHz non-empty pp

FULL RECONSTRUCTION MHz
JINST 14 (2019) P04006 emoor | 7| smecrions | =
4 (GPU HLT1) 70-200

\ 4 0.5.1.5
PARTIAL DETECTOR| ...,

TB/s

All numbers related to the dataflow are
taken from the LHCb

Upgrade Trigger and Online TDR
Upgrade Computing Model TDR

* We can’trun into a higher luminosity
regime with the old hardware level of
the trigger (HCAL objects and muon
thresholds) - Software trigger!

Online
monitoring/calibrations/ali
gnment on CPUs

REAL-TIME
ALIGNMENT &
CALIBRATION
Turbo: reduced information ready for
analysis
Full: further selections performed offline
Calibration: Data to be analyzed for
calibration purposes

GB/s l 4
F’

FULL DETECTOR
RECONSTRUCTION
& SELECTIONS
(CPU HLT2)

/ PROCESSING
5.9
GB.I'rS l

ANALYSIS
=== 3 PRODUCTIONS &
. 2.5 USER ANALYSIS

GB/s

processing

data on 3500
CPUs

Write ~10GB/s at 1 MHz

30



Cherenkov (RICH)

using timing, improved Time-of-flight detector
U pgra d e I I resolution for low-p PID

Magnet side  (pixel) inner tracker Timing calorimeter
L =1.5%x103*cm2s"! tati & i ed
: 1 stations - o ~ &improved reso.
Lint — 300 fb_ mf_::: ;'\;;.x.‘»n\ SciFi TORCH ';::f.‘;';g M2 pe:

&Silicon . RICH2 -

Tracker
i1l Il

Pixel detector = A o Lt |
with timing ity 111 | g %DHI
it

* Use O(10 ps) timing in vertex

Alternative
technologies for
high-rate regions

u ~ 40 Rl('llly

el [\ L. LHCb

reconstruction and particle 3 - CdE R UPGRADEI
identification to mitigate pile-up
* Increase granularity of trackers (UT ans MAPs sectors in SciFi) /.*”‘\
* Add tracking stations in the magnet to increase efficiency for low-
momentum tracks

LHCb-TDR-023 31



. = 44+
Discovery of =

First DCB discovered
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. - ++
Discovery of =,

XY s K ntatAl (5 pK et

 UseRunlldata 1.7 fb™, exclusive high efficient trigger

(Turbo) / result is confirmed with Run-l data 2 fb™

* Expected up 10% branching fraction for decay of

interest
* Cross check with different categor AT K~ ntmtion: = 900
* RS-right sign combination 1+~ +/ - E 300
* WS -wrong sign " 700
—si 5
L sspeSDsidebands 2 600
> F LHCb 13 TeV ] L 2340
§ 300 3 >
o ...f —DataRS ; é) 2320
E 250F 4 DataWs E -
0of HDaasSB C dn i f = 2300
87k AR A R
"g r ; Coabeit P : S
._g 150E . :+. :.4;4:, : . :%2230
S 100F . g | = 2260
505-4;, ,*'?' At =
Ll 2240

PR TR S AN TN SN T N ST SN TN SR NN TN T SN N T SO S W S
30300 3400 3500 3600 3700 380

M., (Ze) [MeV/c?]

PHYS. REV. LETT. 119, 112001

£
Y v

TTTT TTTJTTOTITR T O T T N[OOI I n T T ToTI T I T oaIgT
AR RN ALY RRLAY LR LA R R

c : 2Aj
d
=3 <:g}7r+
CE}K—
7(A%) ~ 200 fs Wﬁ%i il
ar~45 15
T T T
LHCb 13 TeV
- Signal
[[T] Sideband

il IIIIIIIIIIIIIIIlILI|IIII|IIIlIIIIIIIIIIIJI

ﬁ-ﬁ:,ﬁ.ﬁ S W

=

0
3300 3400 3500 3600 3700 3800
m . (Eec ) [10 MeV/c?]

ol e I
2300 2350
m_, (A [MeV/e?]
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. - ++
Discovery of =,

O

O

Signal yield of 313 + 33 events

Local significance grater than 120

Confirmed with Run-l data (113 = 21 ev. / >70 sign.)
m(EX) = 3621.40 + 0.72(stat) + 0.27(syst) + 0.14(A}) MeV
m(EFT) —m(AY) = 1134.94 + 0.72(stat) + 0.27(syst) MeV
Sub-MeV precision for observation

Obtained values are consistent with many
theoretical calculations (including LQCD)

Weakly decay (as has ~0,25ps lifetime, see lifetime

measurement part)

PHYS. REV. LETT. 119, 112001

o, o L I ]
> 180F LHCb 13 Tev E
§ 160 =
" 140 - -+ Data E
5 £ —Total .
120 Signal =
£ 100 ---Background
2 C
'% 80 - /.
O 60F
40 & } s
20 =
0Bl Y C VP S
3500 3600 3700
mcand(E:ff) [MeV/c?]
h — T v - T - 1 - T T 1T
> '0F LHCb8TeV E
E 60 —+ Data I\ E
= — Total =
50 -
% ------- Signal ]l +E
g‘; 40 ---Background ]
E 30 H " ‘ l + ::
= 20] IRk :
10 -
A RPN Sl S S B
3500 3600 3700

m_, (Z55) [MeV/c?]
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ARXIV:1307.01919

“Re-Discovery” of = _.*"

u > > u
=TT { C > > C }E’+
CC C
c > > S
* Another channel with assumed high branching fraction WJ:\C ’lf}ﬂ_Jr
* UseRunlldata 1.7 fb d

S ] I ] ] L] I I | ] ] ] || I ] L] I ] 1 ] 1 I L] ]
* Yield: 90 + 20 candidates, corresponds 5.90 significancét, 100 1 LHCb H
~_ i —4- Data ]
« Mass measurementisin agreement with previously E n — Total ]
SO+l 1 L. —
measured value A Signal _
~— ) Background -
\ —
8 60} -
o Ef > AYK ntat _§ i | ' i
2 40f + + | 'l' '} :
it Eimt = = __ —
S L IR AR
LHCb ——o>——  Combined . + + _

. | . . . ! . . . l . . . | . 20 | :-' ' +

3618 3620 3622 3624 ; i +
M(ZLT) [MeV/c?] - P .
i L I L L 1 1 I 1 A M | | L“‘l 1 I‘.'I. l L 1 1 [ I [ 1 |

B(EL' — Ein') x B(E: — pK =)

— 0,035 +0.009(stat) £0.003(syst). 3500 3550 3600 3650 3700

B(EL' = AJK wtat) x B(Al = pK 7) m(EjTCJr) [MCV/CZ}
5

3



= 4+

One more decay channel observed for =,

Candidates/(4 MeV/c?)
-

()]

T T l I
—4— Data =)
—— Total fit .
EiFED E
Y .
----- Comb. bkg. =
_______ i L
J'J'L + 110 T S

3550

sl o
3600 3650 3700
m_ d(._cn' ") [MeV/c?]

* A search for the doubly-charmed-

baryon decay =__**>=_ % (>pK K ") rr*
Is performed using pp collision data
collected by the LHCb experiment at a
centre-of-mass energy of 13 TeV and
corresponding to an integrated
luminosity of 5.4 fb™.

-

.

B(Zit = E0tnt) x B(E) - pK—K—nt)

B(

=it A+K—7r+7r+) X B(/l_f — pK—7t)

= 0.105 £ 0.014 (stat) 4+ 0.007 (Syst))

arXiv:2504.05063 36



https://arxiv.org/abs/2504.05063

Lifetime measurements

Important ingredient for further searches
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PHYS. REV. LETT. 121, 052002

Lifetime measurement for = *"

|
| ]
CcC
* Significantyields for non-zero lifetime ~ 800 F————————— - —— ]
= S LHCb simulation E
cp s 0 > 700 S 0.6 . I
* Lifetime was measured wrt. /\,” decay 2 o0 f #Daa z o :
v — Total fit g 0.5 +Ag "_E
« Semi-unbinned method used: only lifetime < % -~ siena Z 04 -
O 400 [ - Background E 03 _*_* + + i_ . ]
. . < 3E o4 Ty E
acceptances are defined as histogram pdf’s 3 300 S 4 JEaas: h T T |
5 200 g 02F - % 1T
Q s
) o 0.1 - -
7 (ELY) = 0.256 10920 (stat) + 0.014 (syst) ps. 100 , § 2 - | | E
055500 " Se00 S0 ’ 0.5 1 L5 2
m(A; ) [MeV/c?] Decay time [ps]
This result favors smaller
<2 F T T — 1 3
lifetime values in the range of S oo 0 < 1 LHCb
: P Signal and background mass models 0.005 iy *Data ]
theo retlcal p red ICtIO ns Correlation of mass and decay-time 0.004 " —Fit ]
Ref. to theory papers in backup Birning 0.001 7
Data-simulation differences 0.004 107!k o
Resonant structure of decays 0.011 2 3
* Result suggests small lifetime values  Hardware trigger threshold 0.002 s ]
. . - . Simulated E} " lifetime 0.002 - 1
for ISospIn partner —cc * AY lifetime uncertainty 0.001 102
e Hard to search for!! Sum in quadrature 0.014 : | | |

0.5 1 1.5

2
Decay time [ps]
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Measurement of 2, lifetime

121 (2018) 092003

Phys. Rev. Lett.

_ LHCb

w
o
o

Lifetime hierarchy charmed

baryons was considered Ted > Tay = T5p > Too.

(see backup Refs.) to be:

Muons from semileptonic decays of 2, baryons and decay

vertex of £2_ baryon provide opportunity for lifetime
measurement

To reduce uncertainty the lifetime ratio Tao

roo =

were measured T

B - D'wop,X D"— K nn"

Result is incompatible with 69 fs lifetime reported in PDG

Candidatei) / (2 MeV/c?
o
o

—h

o

o
T

H T.UMK}I +lr
RS R T et

-+ Data

— Full fit

— QSpK K 1t
Comb.

1 I 1 1
2660

2680 2700 2720
pK K 7* mass [MeV/c?]

—
(6]
o

Signal yield / 0.04 ps
o
o

(6]
o
T o e )

Q% vX
+ Data
EFit
---1=69 fs

04 06
09 decay time [ps]
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M ea S u re m e nt Of Qc lifeti m e Phys. Rev. Lett. 121 (2018) 092003

Teo —e— LHCDb, 2,—Q%u"vX
e 0.258 4+ 0.023 + 0.010 Q0 pK K 7*
Tt
Too = 268 £24 + 10 £ 2 fs, LHCDb
o Previous experiments were done using :
400

much smaller sample obtained on Q0 lifetime [fs]
nucleus targets

Z, (PDG) —a—

o Veryintriguing / Theorist are kindly A? (PDG) =
welcome to explain: 2 PDG) <

2 (PDG) P& mmmmmmp  —— 07 (LHCb, 2018)
o200 400
lifetime [fs]

Tzt = Too > Tyb = Ts0.

— =
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Lifetimes of charmed baryons

W r
& f LHCb B—sD* 1 vX
3104: +Data
o .
E —Fit
==
©
o
ey
U).IDE__
1 I 1 ] L 1 1 Il I 1 1 'l 1
0 1 2 3 4
D" decay time [ps]
g_ —{] —
0 LHCDb E > uvX
<
o + Data
= < Fit
210
= [
=
=
=
n
T=+ = 456.8 = 3.5 fs,
107 — t
¥ I R

=, decay time [ps]

Phys. Rev. D 100, 032001 (2019)

Signal yielcifO.UZ ps
L]

10°

Signal yield / 0.01 ps

10°k

107

A AL VX

+ Data
— Fit

Tp+ = 203.5 £ 1.0 fs,
N I 1 S 1Y I ¥ B
A, decay time [ps]
. LHCb =, 55X

+ Data
— Fit

Teo = 154.5 4+ 1.7 fs.

0o 02

i | ) i i
04 06
=Y decay time [ps]

Plot from CERN Courier

0 =0 + —
PG | % A E;

(2018) Bl

=0 + 0 —_—

LHCb SL _ =l A NG =

(2018/19) _
= Qﬂ
LHCb Prompt _ J |
(2021) LHCb comb.
| | | |
0 100 200 300 400 500
lifetime [fs]

* Measurements done with prompt baryons
Science Bulletin 2022, v.67, p.479
confirmed results of the semi-muonic

method

New hierarchy of lifetimes is confirmed!
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https://cerncourier.com/a/new-charmed-baryon-lifetime-hierarchy-cast-in-stone/

To = 276.3 + 19.4 (stat) £ 1.8 (syst) + 0.7 (7o) fs,

Fully hadronic decay modes . b oo oo

- L AR IR I B DL LR B [ | | | | |
% ool 15 os j‘| -
°© —_— LHCb 9 fb™' 1 ¢ - LHCb 9 fb™'
- JHEP 09 (2025) 157  : 2 [ |
& 0.008f | T4 } Data {1 = 04F | Data .
% — Total fit i [ ih — Total fit ]
0.006 - . 0.3 ]
.Qb_—} .QE(—} pK_K_?T+)?T_ 0.004 | 021 %ﬁ‘*&&& ':
= =0 — K=t L ' i g ]
= — ._.C(—}» pK K )ﬂ' 0.002 - . u.1:
l]."""'"""'""""""""". [l-""""""""""
0 02 04 0.6 08 Dl 1.2 II.4] 0 0.2 0.4 D{;f ‘ {].![3 |
- . ecay time |ps ay fime | ps
* Combination of all
Figure 3. Ratio of yields (r;) between the (left) £, — 297 and (right) =, — =27~ decays, and
L H C b reS U ItS the B~ — D"r— decays, in bins of decay time. The results from the fit with the model given in eq. 5.1
are shown.

Too = 274.8 £ 10.5fs,

T=o = 150.7+ 1.6 fs} Lifetime measurements created a solid ground to select strategy
- of searches for doubly-charmed baryons in LHCb Run-3 data
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. = |
Discovery of =,

Yet another check of the isospin
symmetry
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[PhysRevLett.89.112001]

Previous searches | ©
2ol
SELEX: & 5T
Reported evidence 5,1 ﬂ’l
3518.7 1.7 MeV/c? EER T usl J‘ ]Ullluﬂ i "lJ
Not confirmed by other experiments. LI L e h\n VJ
- 3.42 3.47 3.52 3.57 3.62
M (A}KT") [GeV/c?]
LHCb.L::CC.F N AC+K_7T+ [SCPMA 63(2020) 221062] : | --‘I f'——\w\/f\vﬁvér
full Run 1 + Run 2 data : IOE V v } E
L=9.0fb™ : e — =N
3.00 local significance near observed - 104; SR oo “?
Zc mass peak. a[ FrOTVLoseet | ——aldm :
3400 3500 3600 3700 3800

m(AYK 7)) (MeV/c?) 4



Analysis strategy

» Search £ in the decay mode: £}, > AJK ™ (Af - pK—m™) ¥
© MC sample: T(£¢,) =45 fs, considering first Dim-7 calculation. .

» 7(E4) assumed in the range 15-160 fs based on 7(£%.)/7(E27) predictions =+
and 7(£2) measured by LHCb.

Y
y R

* Off-line selection based on MVA method (BDT).

> MVA trained with data and simulation.

* Keep signal window (3.5-3.65 GeV) blinded.

» Measure the mass of Z2., if global significance > 36 or local significance > 50.

*Use E7F - AT K m™m™ as control channel to optimize algorithm:

study about uncertainties and cross- check the performance of the detectors
» Event-selection of £Z. is very similar to 1.7, except one less pion, and shorter lifetime.

* Run 2 data (2016-2018) as cross-check.
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Control channel

* Output of a MVA trained with A_* data is
included in the MVA for =_.**

* (pT’ PID: )(IP2 )
* To mitigate the difference of particle-

identification variables in data and simulation.

* Efficiency increased by a factor 4,
compared with Run 2.

* Signalyield perfb-1is 1262 in 2024 data, 285

in Run 2 data.

* Thanks to removal of hardware trigger and
improved event-selection.

e Corrected mass:

« M(Z,.")=3621.74 £ 0.10 MeV/c? (stat. only)
Nsig=8712 1+ 160

e Consistent with Run 2 result.
Nsig= 1598 + 64

arXiv: 2603.28456

LHCb-PAPER-2026-009

a TEm— ! '
> 2000 V5 =13.6 TeV S -
Q s <3 — Total fif ~
= L 691 , .
T i - Signal o
(5 See 2AK T Ly Background i
1500 ) B

&%
3 i
% :
-5 1000
= igessidoor® .
“ —
U -
500 P
L2 ! e u ]
3700

3550

3600

m_ (Z:5) [MeV/c?]

LHCb
EllSAK it

800 |-
600 |-

400 F

Candidates / (5 MeV/c)

200

—
-+ Data
— Total ]

- - - Signal
== Background ]

O L 1 L
3500

JHEP 02 (2020) 049

L |
3600

l 3700 l
mcand (E:C+) [MeV/CZ] 46



= .. In 2024 data

arXiv: 2603.28456

* No fake peak in the Wrong-Sign
sample, or atthe m(%_.") reported

by SELEX.

* The local significance around

3622 MeV/c? exceeds 70,

evaluated with a likelihood ratio

test.

* Efficiency increased by a factor

2.5,C

* Signal yields per fb™" are:
* 1331in 2024 data
* 54 in Run 2 data

o L I B
S - LHCb 5 +RS
> 3000~ \s=13.6TeV ] WS —
L - 6.91fb! i
<t : S g i
S | : "_‘ ", @WM W M _
7 2000 yrestHhe bt ety -
4&; [~ : ' -
=
o)
% : =+ * measured by __
O 1000 = reported by . LHCb: 3621.6 MeV |
|| SELEX:3518.7 MeV : o '
I L 1 L I L L L L l 1 I: 1 I 1 L L 1
3500 3550 3600 3650 3700

m_(Z5) [MeV/c?]

|||||||

||||||||||||

(D)
o e N A bbb bbb bbb bbbl s R bbbt = lo
JS 2 S ¥ A g 20
1 =3 forr e =4 3
Q‘10 il 3 o
TS T i
-6 _
5 10 R _: 56
T e - 60
— LHCb -
_12 Z\[?:HGTeV .............................................. E 76
107" F 6ot B
F EL. > AK -
—15 .
L S R R R
3500 3550 3600 3650 3700

m,, (=) [MeVIe?]



—~ 4
Mass of =

e Sub-MeV statistical

uncertainty for the mass

measurement

arXiv: 2603.28456

3619.97 + 0.83 (stat) + 0.26 (syst) ", (lifetime) MeV/c?.

* Leading systematics due to
unknown lifetime of the = _*

Mass difference (isospin splitting): Prediction: —0.4 to —2.3 MeV/c?.

€4000_ILI—IICIb S T
> |
> - (5=13.6 TeV —+ Data
§ : 6 9 fb_l — Total fit
3000 = s Akt Signal _
N [ S AR T Background
@ - &
5 2000 5 -
"g R
S i
1000 ~
NSlg— 915 + 120
. AP T B
3500 3550 3600 3650 3700
m_, (=7.) [MeV/c?]
Source M(Zh) AM
Momentum-scale calibration 0.14 0.03
Energy loss 0.10 0.05
Selection bias correction 0.10 0.10
Mass fit model 0.10 0.10
AT mass uncertainty 0.14 —
Sum in quadrature 0.26 0.15
+1.90  +1.90

Unknown =7 lifetime

—1.30

—1.30

AM = M(ZL) - M(EST

CcC

) =

—1.77 £ 0.84 (stat) & 0.15 (syst) 150 (lifetime) MeV/c?.




Isospin splitting

M(Zr)-M(E*
MeV

arXiv: 2603.28456

4

TH
{ i ]. MESIE
&Ll
. SLAL
e +EYE
Flafetime
= i)

fﬂhl'_l"”_"

*

StrHF

Coulomb
&*

EMHF

. Barlimer 120 |

|PKD Y6 (2017) 3, 033004]
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arXiv: 2603.28456

Run-2 data

New selection allows to perform a

cross-check with the Run-2 data

[E—
n
o
o

500

Candidates / (4 MeV/ ¢?)
S
S

3500

- LHCb
- s=13TeV

~ 5.6fb”

| El o AK

I T T T T

T I L L] T

— Data
— Total fit

------ Signal
----- Background

|

* The local significance around 3622 MeV/c? is over 40.
> Thanks to improved event-selection enabled by using inclusive A7 line.

- £} mass with correction: 3620.842.2 (stat) ;") (lifetime) MeV/c?

3550

3600

» Consistent with 2024 result. 3619.97 & 0.83 (stat) + 0.26 (syst) |5, (lifetime) MeV/c?.

3650 37

m_ (Z%) [MeV/c?]

00




Discovery of 2__"

Analogue of the proton but made of 2"
generation of quarks
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Signhal and control channel

Reasons for using Q97 ™ final states: nt
cC

> Not previously searched for

> The Q). — Q%p* /n™ are predicted to have leading hadronic branching fractions v

> The 7(Q9) turned out to be longer (280 fs) than previously known (70 fs)

= more efficiently to be triggered on

General strategy
> Run data and a subset of the 2024 LHCb data are used (6.3 fb™1)
> Signal mode : Q. - Q%7+, 0% 5 pK~K~nt

> Control mode: 23 - EXnt, EF - pK~nt (similar Q-value and bachelor pion)

> Blind analysis with mass window m € [3660,3780] MeV L ¢

= covering most recent predictions with a margin of +50 MeV




LHCD A reconstructed 27, decay

Q¢ - 0} > pK K nt)n?

|

'O

0} decay point

A

p

collision point |

5 mm
K LHCb Run 307988 Event 81854114460 2024-10-09 04:16:08 GMT (for purposes of clarity only the signal tracks are shown/

0.5 mm




Candidates per 2.0 MeV/c¢?

Alc

100f
2 g Statistics at the discovery of channel
Mass SpeCtra I
5wl
2f i
sy i i
900 L : 5 ) I ) ) 1 L I U ) L} L l 5 1 5 Ll 1 1 I 1 | 1 1 I ) | ) ) I )
Preliminary 120~ Preliminary

800 + Data LHCb 2024-10-28 - FData LHCb 2024-10-28
700 —Fit N, = 2784 100 — —Fit Ny, = 185
- | Signal Ny, = 21664 - [ Signal Ny = 2402

= = Background

[ 1 I : -F{' .} LA +

80 | = - Background
500

o ﬁ.#% ,rr'm J—JE

N
S

N
+
—

Hllllllll]lllll

Candidates per 4.0 MeV/¢2

- i ! ,.,.m E + H,
200 i
20 —
100 -
]S E— 0 S
1 e T ¢ M = e T ot G AT s S S - R S T o
K o aeaieindiete B B 3 o o
—4 ;........................A.....‘..‘ ........................................... e ; _3 _...............‘.........................: ......................... ; ......................... : ........ .-l
3600 3650 3650 3700 3750 3800

m_,(E) [MeV/c?) m_, (25,) [MeV/c?]
LHCb-PAPER-2026-022 o4



LHCb 6.3 fb!

Nsig= 184 +/- 24

eV/c?

LHCb 6.3 fb!

3

T

o}

e v
|

Vs =13.6 TeV ] i Vs =13.6 TeV

ot

[ee] (=]

(e) (e)

L LI BLELEL
11

D
(a)
T

Mass measurement

Candidates per 4
9
]

3]
[e)
T TTT

(e)
TT

3650 3700 3750 3800 3600 3650
Meana($2c) [MeV/c?] m, (Zi) [MeV/c?]

* A clear peak observed with local significance > 8o Nuig= 2771 +/- 114

« = .. "yield per fb~1=440 at 2024 wrt 110 at Run2 data
* = also improved by a factor of 4

* The peak remains significant after a tight requirement on the decay
time t > 170 fs, indicating weakly-decaying nature

* Precise measurements of the lifetime and production are underway
with the full LHCb Run 3 data LHCh-PAPER-2026-022
m(QY) = 3725.9 + 1.0 (stat) £ 0.2 (syst) £ 0.4(7) % 0.6(ext) MeV/c2
m(QF) —m(ELT) = 104.3 & 1.0 (stat) £ 0.2 (syst) & 0.4(7) £ 0.5(ext) MeV/c?




Theory predictions

Picture of cc-diquark + quark
> m(Q.) — m(E.) ~ 105 MeV
B> Similar as m(Ds) — m(D) = 100 MeV and m(B?) — m(B)

Comparison with theoretical predictions on mass

>

>

Quark Model: Gave estimations wﬁth ~100 MeV precision right after the discovery

of the charm quark (J /)

Lattice QCD: Calculations emerged in the last decade, providing reasonable
predictions with uncertainties

EFT/Sum Rules: Calculations also exist, but the theoretical uncertainty is difficult to

control

in general, measured mass is compatible with theoretical predictions

~ 90 MeV

De Rujula et al.,
Jaffe et al,,
Bjorken,

Fleck et al.,
Fleck et al..
Kerbikov et al,,
Bagan et al.,
Komer et al..
Roncaglia et al.,
Silvestre-HBrac,
[toh et al.,

Ebert et al.,
Kiselev et al,,
Heetal.,

Migura et al.,
Albertus et al..
Martynenko,
Raberts et al.,
Bemotas et al.,
Valcarce et al.,
Gianmuzzi,
Livetal,

Durr et al.,
Briceno et al.,
Mamekawa et al,,
Brown et al..
Sun et al.,
Alexandrou et al.,
Perez-Rubio et al,,
Padmanath et al.,
Sun et al.,
Lietal,

Chen ¢t al.,
Alexandrou et al.,
Weng et al.,
Mathur et al,,
Karliner et al.,
Bahtiyar et al.,
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Candidates per 4 MeV/c?2

Run-2 vs. Run-3 data
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Signal yields in Run2
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M/MeV = ng - 3000

Predictions from Lattice QCD

4000

3500

3000
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Summary
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Run-3 goals: precise
measurements of lifetimes
and search for other decay

Q-

channels 59




	Slide 1: Открытие дважды-очарованных барионов экспериментом LHCb
	Slide 2: Аннотация
	Slide 3: Outline
	Slide 4: SU(2)  SU(3)  SU(4)
	Slide 5: Symmetries and conservation laws
	Slide 6: Symmetry of LQCD
	Slide 7: Isospin
	Slide 8: Strong force driven decays and CG coefficients
	Slide 9: Isospin operator; ladder operators
	Slide 10: Pions
	Slide 11: SU(3) flavor symmetry
	Slide 12: Mesons (octet and singlet flavor states)
	Slide 13
	Slide 14: SU(3) flavor multiplets for baryons
	Slide 15
	Slide 16: Color singlet for baryon wave-function
	Slide 17: Discovery of doubly charmed tetraquark
	Slide 18: Baryon masses
	Slide 19: Adding charm
	Slide 20: Doubly charmed baryons
	Slide 21
	Slide 22
	Slide 23: Three editions of LHCb
	Slide 24: Three editions of LHCb
	Slide 25: Charm and beauty production into forward region
	Slide 26: LHCb: Find \ Identify \ Measure
	Slide 27: Luminosity and trigger
	Slide 28: LHCb Upgrade I (Runs 3 & 4)
	Slide 29: What’s new?
	Slide 30: Software trigger
	Slide 31: Upgrade II
	Slide 32: Discovery of Ξcc++ 
	Slide 33: Discovery of Ξcc++ 
	Slide 34: Discovery of Ξcc++ 
	Slide 35: “Re-Discovery” of Ξcc++ 
	Slide 36: One more decay channel observed for Ξcc++ 
	Slide 37: Lifetime measurements
	Slide 38: Lifetime measurement for Ξcc++ 
	Slide 39: Measurement of Ωс lifetime
	Slide 40: Measurement of Ωс lifetime
	Slide 41: Lifetimes of charmed baryons
	Slide 42: Fully hadronic decay modes
	Slide 43: Discovery of Ξcc+ 
	Slide 44: Previous searches
	Slide 45: Analysis strategy
	Slide 46: Control channel
	Slide 47: 𝜩𝒄𝒄+ in 2024 data
	Slide 48: Mass of 𝜩𝒄𝒄+ 
	Slide 49: Isospin splitting
	Slide 50: Run-2 data
	Slide 51: Discovery of Ωcc+ 
	Slide 52: Signal and control channel
	Slide 53
	Slide 54: Mass spectra
	Slide 55: Mass measurement
	Slide 56: Theory predictions
	Slide 57: Run-2 vs. Run-3 data
	Slide 58
	Slide 59: Summary

