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Abstract

The LHCb experiment collected the world’s largest sample of charmed hadrons during LHC Run 1 and Run 2. With
this data set, LHCD is currently providing the world’s most precise measurements of properties and production of
known charmed baryons, as well as discovering many previously unobserved states. The latest results from the LHCb

Collaboration on charmed baryons are presented.
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1. Introduction

Updated to the beginning of 2021, there are 59 new
hadrons discovered at the LHC, while 52 of them are
contributed by the LHCb experiment [1].

As the LHCb detector has excellent ability for the
vertex reconstruction and very good performance for
tracking and particle identification, it is a good platform
to study heavy flavour decays. The world’s largest sam-
ple of reconstructed charmed hadrons are collected by
LHCb during the Runl (2010-2012) and Run2 (2015-
2018) data-taking periods, which provide the world’s
most precise measurements of properties and produc-
tion of known charmed baryons. In this proceeding,
we present 5 recent results from LHCb on charmed
baryons.

2. Observation of excited Q‘c) baryons in Q; decays

In 2017, LHCb collaboration found 5 excited Q°
baryons in EYK™ final states, which are Q.(3000)°,
0.(3050)°, ©.(3065)°, ©.(3090)° and Q.(3119)° [2].
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Since theses excited Q¥ are observed by the prompt pro-
duction modes, their quantum numbers are not deter-
mined. Recently, the excited Q0 are confirmed by an ex-
clusive Q, — EYK 7~ decay as the structures in E7K~
resonance. The LHCb Runl and Run2 data are used in
this search, corresponding to an integrated luminousity
of 9 fb~!. ©.(3000)°, Q.(3050)°, Q.(3065)°, Q.(3090)°
are seen with the significance of over 5o [3].

The invariant mass spectrum of the m(EfK™n7) is
shown in Fig 1. The mass difference between the £ K~
and the &} and K™ is shown in Fig 2.
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Figure 1: Distribution of the reconstructed invariant mass m(Z} K~ 7~)
with EF — pK~n*. The missing particles in partially reconstructed
decays are indicated in grey in the legends. The figure is cited from

Ref [3].

Since the spin of the mother particle € is 1/2, the



Jingyi Xu / Nuclear and Particle Physics Proceedings 00 (2022) 1-5 2

—4- Data
— Totd fit
Background

LHCh
9fb™

nN
o

Candidates/ (2.5 MeV)

(63
i
e —
I —

L L L
20 40 60 80 100120 140 160 180 200 220
M=) - m_ - m - (MeV]

Figure 2: Distribution of the reconstructed mass difference m(E}K™)
- mgy -mg-. The four peaking structures are consistent with being the

previously observed Q.(3000)°, Q.(3050)°, ©.(3065)°, Q.(3090)°,
with corresponding significance 6.207, 9.907, 11.90 and 7.80 respec-
tively. There is also an additional peak included in the fit at the thresh-
old with significance 4.30. The total fit is overlaid in red. The figure
is cited from Ref [3].

spin of the confirmed excited Q¥ could be test. The he-
licity angle @ is defined as the angle between the pk-
and -p;- in the EYK™ rest frame, where p is momenta.
The spin of a state is determined by comparing the dis-
tribution of cosffrom data with the expected distribu-
tions under the spin hypotheses J = 1/2, 3/2 and 5/2. In
Fig 3, the rejection of J = 1/2 hypothesis for Q.(3050)°
and Q.(3065)° are 2.20" and 3.60~. One possible assign-
ment is given, J = 1/2, 3/2, 3/2 and 5/2 for Q.(3000)°,
0.(3050)°, Q.(3065)°, ©.(3090)° respectively (lowered
by systematic uncertainty).
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Figure 3: Values of the spin-hypothesis estimators #;-1,2y=3/2 and
tj=3/2y=5/2- The red point shows th value measured in the default fit
to the data. The rejection significance of every spin-J hypothesis are
shown in the legend for the default fit. The figure is cited from Ref [3].

3. Observation of new E‘c’ baryons decaying to A7K™~
decays

As a natural extension to the ZfK~, search for the
structures in AfK™ resonance were processing since
many years ago. In 2007, Babar collaboration pub-
lished 2 papers for the search of excited Z°, one ob-
served a structure peaking in 2.93 GeV from the A} K™

mass spectrum in B~ — K~AfLambda_ decays [4], the
other has scanned the mass spectrum of A} K~ but found
no resonance for =K~ [5]. In 2018, Bell collaboration
reported observed a compatible result, Z.(2930)° was
found in AYK™ resonance within B~ — K~AJA; de-
cay [6]. In 2020, LHCb collaboration reported to find 3
new excited Z.(2930)° with local significance over 200
for each state using the LHCb data collected from Run2
at centre-of-mass energy of 13 TeV, corresponding to an
integrated luminosity of 5.6 fb=! [7]. The distribution
of the reconstructed mass difference is shown in Fig 4.
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Figure 4: Distributions of the reconstructed mass different m(A}K™)-
m(Af)-m(K™). The result of a fit, described in the text, is overlaid
(solid blue line). The missing child particles in the reconstruction are
indicated in grey in the legend. The figure is cited from Ref [7].

The masses and natural widths are measured to be

m(Z:(2923)%) = 2923.04 + 0.25 + 0.20 + 0.14 MeV,
[(2.(2923)%) = 7.1 £ 0.8 + 1.8 MeV,

m(Z.(2939)°) = 2938.55 + 0.21 £ 0.17 + 0.14 MeV,
[(E.(2939)%) = 102+ 0.8 + 1.1 MeV,
m(E.(2965)") = 2964.88 + 0.26 + 0.14 + 0.14 MeV,
['(E:.(2965)°) = 14.1 £ 0.9 + 1.3 MeV

where the uncertainties are statistical, systematic, and
due to the limited knowledge of the A} mass. There
is not any Z.(2930)° signal observed in this work,
which possibly indicates that the it might be overlap of
Z.(2923)? and Z.(2939)°. The Z.(2965)° is very close
to the known Z.(2970)° but with significantly different
natural width and mass. The mass and natural width
of 2.(2970)° are m(Z.(2923)") = 2967 fg‘z‘ MeV and
Gamma(Z.(2970)°) = 28.1 fi:g MeV. The equal spac-
ing rule [8, 9] is applicative for these new excited =2
states:

m(Q:(3050)%) — m(E.(2923)°) = m(Z.(2923)°) — m(Z.(2800)°)

~ m(Q:(3065)%) — m(E.(2939)")
m(Q(3090)°) — m(Z.(2965)%)
125 MeV

1R
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4. Search for the doubly charmed baryon
Ern~n~ final state

E' in the

In 2017, LHCb collaboration has observed the first
doubly charmed baryon ZF, containing double heavy
charm quarks and a light up quark through its decaying
to AYK z*z* [10]. Then LHCb confirm this observa-
tion by E7* final state [11]. As an isospin partner, =/,
is containing double charm quarks as well as a down
quark and predicted to have a similar mass as &F. The
&7 was first search by Z. - AYK™n* decay mode, us-
ing 9 fb~! LHCb data collected in Runl and Run2 [12].
There isn’t significant signal observed, so the upper lim-
its are set on the production ratio. In this search, an-
other decay mode =, — Efn " is used with 5.4 fb~!
LHCb data collected in Run2 [13]. Ef. — Efx* is set
as the normalisation mode. The final results are com-
bined with the Ef, — AK zn* mode first to see the
significant signals. If the significance is not enough, up-
per limits would be set. The invariant mass spectrums
of the m(En*7™) and m(A K n*) are shown in Fig 5
with simultaneous fits.
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Figure 5: The invariant mass spectra of (left) Efn~n" cited from
Ref [13] and (right) AJK™zn* cited from Ref [12] The blue solid
curve represents the result of a simultaneous fit to the two spectra,
with the red dashed (green dotted) curve showing the signal (back-
ground) component.

The p-value scanned is done by fitting the mass spec-
trum with the peak position varied in steps and combin-
ing contributions from two decay modes, while 40 is
obtained for local significance, as shown in Fig 6 but
only 2.90 for global significance.

Hence the upper limits are set on the relative produc-
tion ratio , define as:

eEX) N(EL, - Efnnt)
cC = ( 1)
++

R =
e(EL NEL —» Ecnh)

Where ¢ is the efficiency evaluated from the simulation
sample and N is the signal yields gained from data sam-
ple. The upper limits results are scanned as a function
of mass at different lifetime hypotheses at 95% CL as
shown in the Fig 7
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Figure 6: The p-value as a function of the E. invariant mass, for
+. candidate decays reconstructed in the AYK™7* (blue dash-dotted
curve) and Ef 7™t (green dashed curve) modes, or combining both

modes (black solid curve). The figure is cited from Ref [13].
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Figure 7: Upper limits on R as a function of the assumed = mass for
four different lifetime hypotheses at 95% CL. The figure is cued from
Ref [13].

5. Search for the doubly charmed baryon Q7

Besides the =, doublet, the quark model predict
that there is another doubly charmed weakly decaying
states: Q. singlet, containing double charm quarks and
a light strange quark. As the doubly charmed baryon
with strangeness, it is predicted that its mass should be
a little bit higher that the =, baryons, within 3.6-3.9
GeV, due to the mass difference between u quark and s
quark [14]. In this search, Q. — EK™7* mode is used,
which is predicted to have a relatively large branching
fraction. E/f — ASK 7"n* mode is set as normali-
sation mode. The data samples are collected in LHCb
Run2, corresponding to an integrated luminousity of 5.4

-1 [15].

Two different selection criteria are developed in this
search. The selection A is optimised to maximise the
hypothetical signal sensitivity, which is used for the ob-
servation of Q. signal. The selection B is optimised for
the efficiency evaluation, which is used for the produc-
tion ratio measurement. The invariant mass spectrums
of the m(Ef K™ n*) is shown in Fig 8.

The p-value scanned is done by fitting the mass spec-
trum with the peak position varied in steps, while 3.20
is obtained for local significance, as shown in Fig 9 but
only 1.80 for global significance.
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Figure 8: The EYK™#" invariant mass spectrum from (black points)
selection A, with (blue solid line) the fit with the largest local signifi-
cance at the mass of 3876 MeV superimposed.
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Figure 9: The p-value as a function of the Q. invariant mass, Lines
indicating one, two and three standard deviations (o) of local signifi-
cance are also shown. The figure is cited from Ref [15].

As there is no significant signal observed, the upper
limits are set on the relative production ratio , define as:

e(E N(Q}, — EXK ")

R
eQr)  NE - AfKrtat)

2

Where ¢ is the efficiency evaluated from the simulation
sample and N is the signal yields gained from data sam-
ple. The upper limits results are scanned as a function
of mass at different lifetime hypotheses at 95% CL as
shown in the Fig 10.

o
c ]
30.12— ~-T=40fs —1=80fs -+ 1=120fs - T=160fs ~~T1=200fs —|
2 0L LHCb ]
5 0 N . el
iy L : /i 5afbr
008 i
0.06
0.04
0.0:

3600 3700 3800

3900 4000
m(=¢K™ ) [MeVic?]

Figure 10: Upper limits on R as a function of the assumed Q, mass
for four different lifetime hypotheses at 95% CL. The figure is cited
from Ref [15].

6. Measurement of the lifetimes of Q! and =’

baryons with prompt production

The effective theory of Heavy Quark Expansion
(HQE) [16, 17] is the common approch for lifetime cal-
culations of heavy flavour hadrons through an expansion
in inverse powers of the mass of the heavy quark mg.
As the charm quark is lighter than the beauty quark,
the higher-order of the HQE would effect the calcula-
tion for charmed-hadrons more so that the predictions
are very sensitive to the higher-order corrections. More
knowledge is needed to understand the natural behind
the charmed-hadrons decays, hence the experimental
measurements are highly required.

In 2018 and 2019, LHCb has measured the Q0 and
0 lifetimes using Run1 data and semileptonic b-hadron
decays [18, 19], where the measured Qg lifetime 1is
nearly four times larger than the previous world aver-
age, inconsistent at a level of 7 standard deviations, and
the measured E0 also has a tension with the previous
world average beyond 3 standard deviations. This mea-
surement perform an independent measurements with
prompt production modes, Q0 — pK"K~z* and £ —
pK K™ z*, using LHCb Run?2 data corresponding to an
integrated luminousity of 5.4 fb~! [20]. The normalisa-
tion mode is D — K*K-7*n~.

The decay-time distributions for Q0 and =0 are ex-
tracted by y? fit, as shown in Fig 11.
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Figure 11: The decay-time distributions in data for (left) Q0 and
(right) E? modes with the y? fit superposed. The figure is cited from
Ref [20].

The measured lifetimes are:
7(Q0) = 276.5 + 13.4(stat) + 4.4(syst) + 0.7(from D°) fs,
T(E?) = 148.0 + 2.3(stat) + 2.2(syst) + 0.2(from DY) fs,

which is consistent with the previous LHCb semilep-
tonic results.
The weighted average of LHCb measurements is

7(Q0) = 2745+ 12,4 fs,
7(2) = 1520 £ 2.0 fs,

as shown in Fig 12.
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Figure 12: An illustration of the LHCb measurements of Q0 and =0
lifetimes and the previous world average. The combined LHCb results
are shown in colored bands. The figure is cited from Ref [20].
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