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Introduction

« LHCDb collected the largest samples of reconstructed charmed
hadrons during LHC Run 1 and Run 2.
* Providing the most precise measurements of properties and
oroduction of known charmed baryons.
« Recent result: w0500, 52 new hadrons at LHCb| | HCB-FIGURE-2021-001 1
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https://cds.cern.ch/record/2749030?ln=en

LHCb experiment

O1p = 20 pm , SPDPS e M4 M
0; = 45 fs e e

o,/p ~0.5% — 1%

op |E = 1&’;/” + 1%

e(K - K)~95%
Mis-ID e(r » K)~5%

» LHCb designed for study charmed and bottom hadron.
« Excellent vertex, tracking and PID performance.
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« In 2017, LHCb observed five new excited Q2 in m(EfK ).

PHYS. REV. LETT. 118 (2017) 182001

Excited Q)

 In 2021, LHCb observed 4 of them from Q, - Q_ 7.

ARXIV:2107.03419.
FIND MORE DETAILS IN SARA ELIZABETH MITCHELL'S TALK.
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2021 result

State Observable Measurement
P m 6044.3 £ 1.2+ 1.1755 MeV
b R 1.35 £ 0.11 £ 0.05
Threshold Significance it?;' Sy
structure
Significance 6.20
AM 37.6 £ 0.9+ 0.9MeV
‘ m 2999.2 + 0.9 £ 0.97) 35 MeV
2:(3000)° r 18421 +25MV
P 0.11 +£0.02 £ 0.04
J rejection | 0.50 (J =1/2).080 (J =3/2).040(J =5/2)
Significance 990
AM 88.5 £ 0.3 £ 0.2MeV
e m 3050.1 £ 0.3 £ 0.27035 MeV
2:(3050)" r < 1.6MeV, 95% CL
P 0.15 +0.02 = 0.02
J rejection | 220 (J =1/2).010(J =3/2).120(J =5/2)
Significance 1190
AM 104.3 £ 0.4 £ 0.4 MeV
a0 m 3065.9 + 0.4 + 0.4 7533 MeV
{2:(3065) r L7+ 1.0+0.5MeV
P 0.23 = 0.02 = 0.02
J rejection | 3.60 (J =1/2),0.60(J=23/2),1.20(J =5/2)
Significance 780
AM 1294+1.1+ I.DDI\L'[qu
‘ o m 3091.0 £ 1.1 £ 1.0 0 MeV
2:(3090) r 74+ 3.1+ 2.8 MoV
P 0.19 = 0.02 = 0.04
J rejection | 030 (J =1/2),0.80 (J =3/2),0.50(J =5/2)
2.(3120)° P < 0.03, 95% CL
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https://doi.org/10.1103/PhysRevLett.118.182001
https://arxiv.org/abs/2107.03419
https://indico.nucleares.unam.mx/event/1541/session/33/contribution/51
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=50 5 ATK
C C
PHYS. REV. LETT. 124 (2020) 222001
« Three excited z2 were observed in m(AYK ™).

+ Using LHCb 2016-2018 data, at 13 TeV and 5.4 fb~1.
« Multivariate method was used in the selection of A?.

> 2000 T T T ] - E(2923) s AK
S 1 - 52939V AK™
= 1500 - B(2965) > ATK"
~ 1 mm E.2923) —AK 7+
S e . 1 Z.(3055) > (AT THK”
= nf = 1000f WD =.(3055)°—= 2 (AT K-
S ol = [ Z(3080) =2 (AT K"
5t O Z.(3080)° =2 (A r")K-
: oo I K — 500 ---- Background
S 2001 q
o 2250 2300 2350 00 .-100 . 200 300
e MAK) - m(AD - m(K") [MeV]
Resonance  Peak of AM [MeV] Mass [MeV] [' [MeV]

=.(2923)% 14291 £0.254+0.20 2923.04+£0.25+020+0.14 7.1+0.8+1.8
(

=.(2939)Y 15845 £0.21 £0.17  2938.55+£0.21 £0.17£0.14 10.2+ 0.8+ 1.1
=0(2965)Y  184.75+0.26 £0.14 2964.88 £0.26 +0.14 +£0.14 14.1+0.9+1.3

Stat. Sys. input
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https://doi.org/10.1103/PhysRevLett.124.222001
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PHYS. REV. LETT. 124 (2020) 222001

« Gell-Mann-Okubo formula for charmed baryons:
m(Qe) —m(Ec") = m(E) — m(Ee)

- After this analysis, we have:

m(Q2(3050)) — m(22(2923))

~ m(22(2923)) — m(22(2800)) ~ 125 MeV
m(Q2(3065)) — m(E2(2939)) ~ 125 MeV
m(Q2(3090)) — m(£2(2965)) ~ 125 MeV

« They should belong to the same flavour multiplets?

If so, their quantum number should be the same.
Spin-parities test should be done to confirm that.

« More topic...
« Dominant decay (Efn~,Efn~

% « Inner structure (molecular states?).

Zhihao Xu(UCAS) @HADRON2021
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https://doi.org/10.1103/PhysRevLett.124.222001
https://pdg.lbl.gov/2021/reviews/contents_sports.html

0 + -
B(&c = Acm™)
PHYS. REV. D102 (2020) 071101(R)

 Usually, 2 decay into the charmless final states by the ¢ - s
transition. It also can decay in to AZn~ by cs —» dc weak scattering.

* For this decay, there are two amplitudes (SUUD and WS), and their
interference can be positive or negative.

(a) T AU - (b)

S W d}ﬂ: c—p P d +
Eo{d u ranll gW- C Ac
i) —+\ -+ g S >_ll

¢ C—)-\d}A c Co T
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https://doi.org/10.1103/PhysRevD.102.071101

0 + -
B(&c = Acm™)
PHYS. REV. D102 (2020) 071101(R)

« Firstly measured the B(E? » Afn™) in 2017-2018
LHCb data.

« This branching fraction was determined by two
observables:

R1

=0 -
xé“\g = f:\j B(EQ - Afm™)
And [derivation]
N(E2) fzo B(AL - pK™m™)
NED ~ fzr BEE > pK-1Y)

R, +B(E¢ » Afm™)

 The result of these observables:
R, = (0.095 + 0.003 + 0.012)%
R, = (5.70 + 0.19 + 0.07)%

« Then the branching fraction can be calculate:
B(E > Afm~) = (0.551+0.02 +0.18)%

Stat. Sys.

Zhihao Xu(UCAS) @HADRON2021
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https://doi.org/10.1103/PhysRevD.102.071101

B(EQ - Afn™)

PHYS. REV. D102 (2020) 071101(R)

 Interference between SUUD and WS can be

obtained from this measurement.

« This result is in agreement with the positive

assuming.

Zhihao Xu(UCAS) @HADRON2021
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https://doi.org/10.1103/PhysRevD.102.071101

Lifetimes of charmed baryons

« The expected lifetime of single charmed res7os
baryons hierarchy should be: wasss

]
T+ > TA+ > T=0 > TQO FOCS 03 - i-
—-C (5 —-C. s&C i
Frontiers of Physics 10.6 (2015): 101406. i
O r International Journal of Modern Physics A 30.10 (2015): 1543005. PDG 18 " +
i i
1
Tgt+ > To > Tp+ > Tgo websits | +
—-C C C —-C | :
JHEP 11(2018)014 0 50 100 150 200 250 300
T(Q2) [fs]

« Measurement results before 2018: ey ]
T=+ > TA+ > T=0 > TQO E687 93 - oi
—-C C —C C !

« LHCb Run-1 result with signals from semi-
leptonic beauty-hadron decays:

e

i
1 1
T=+ > TQO > TA+ > T=0 LHCb SL 19 i T
—C c c —C i i
PHYS. REV. LETT. 121 (2018) 092003 0 50 100 150 200
PHYS. REV. D100 (2019) 032001 T(Z2) [fs)
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https://link.springer.com/article/10.1007%2Fs11467-015-0483-z
https://www.worldscientific.com/doi/abs/10.1142/S0217751X15430058
https://link.springer.com/article/10.1007%2FJHEP11%282018%29014
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.092003
https://doi.org/10.1103/PhysRevD.100.032001

&

Lifetimes of QY and &

PAPER-2021-021 (IN PREPARATION)

 The lifetimes of Q2 and =2 baryons is measured in 2016-2018 data.
- Both Q2 and =2 were reconstructed in the pK~K~n* final states.
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Prompt: candidates from pp interaction point.

Secondary: candidates from b-hadron decay.
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http://cdsweb.cern.ch/search?ln=en&p=LHCB-PAPER-2021-021*&f=&action_search=Search&c=LHCb+Publication+Drafts

SO 0 =0
Lifetimes of Qf and &

[ | I
PAPER-2021-021 (IN PREPARATION)
" x10° 2 100 10° . . . | l I |
o - o B ]
) 5F +Data e ) r +Data Qn :D A E+
s ] & oF L PDG [ - . I
% 20F —Fit E E - —— — Fit (2018}
- = 60F .
b _ LHCb 2016-2018 _ - LHCb 2016-2018 LHCBH SL Ec[} Ac+ QC'D Ec+
10f : o ] (2018/19) [ " W =
sE = 20F . —0 0
| = LHCbPrompt | = ___Qc
5x107" p [psf 0-6 0-8 r}ps] (202 l} LHCb Comb.
S
. . Lifetime [fs
 Results from this analysis: stat.  Sys.  input [fs]

Too = (276.5 £ 13.4 + 43 + 0.7) fs
Too = (148.0+ 2.3+22+02)fs

—=C

« Combine with previous results:

PHYS. REV. LETT. 121 (2018) 092003
PHYS. REV. D100 (2019) 032001

Too = (274.6 £ 12.4) fs
Tmo = (152.0 + 2.0) fs

—=C

Zhihao Xu(UCAS) @HADRON2021

12


http://cdsweb.cern.ch/search?ln=en&p=LHCB-PAPER-2021-021*&f=&action_search=Search&c=LHCb+Publication+Drafts
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.092003
https://doi.org/10.1103/PhysRevD.100.032001

Doubly charmed baryons

Doubly charmed baryons were predicted by SU(4)
multiplet. 2%} (ucc), 2. (dcc), Q. (sco).

« Alot of £} study done by LHCbétat_

Sys.
* Mass m(EXF) = 3621.55 + 0.23 + 0.30 MeV/c? N L B R
r LHCb 13 TeV E
JHEP 02 (2020) 049 160 =
. . _ i) = —+ Data 3
« Lifetime T(EXH) = 0.256X003; £ 0.014 ps 2 °F — o :
PRL 121 (2018) 052002 v 12D:_ v Signal {_ 3
E - -+ Background

« Production o(BIN) X BEL —» ALK ntn™) £

a(A) E

=2.22+0.27+0.29 °

CPC44 (2020) 022001 | I‘__; |

» Branching fraction S 0 300

m, (Zeh) MeV/ic?)

cai

=+ wt ot m++ + — ot _ . . B
HBee D ECT Ecc > D'pK'm First observation in m(AfK " ntnt)
PRL 119 (2017) 112001
B(E'CT - 52-_7'[+) X B(E: - p[(—n’"') B(Eé‘j N D+pK_7T+) 9 (2017) 00
BE > ALK-n'nt) x B(AL - pK-1) BE > MKt <17
= 0.035 + 0.009 + 0.003 cc c

JHEP 10 (2019) 124
PRL 121 (2018) 162002 1 3
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.112001
https://link.springer.com/article/10.1007%2FJHEP02%282020%29049
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.052002
https://iopscience.iop.org/article/10.1088/1674-1137/44/2/022001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.162002
https://link.springer.com/article/10.1007/JHEP10(2019)124
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https://link.springer.com/article/10.1007%2Fs11433-019-1471-8

@

S Search for ZF. in Efn—nt

PAPER-2021-019 (IN PREPARATION)

« Search for 2%, in Zfn~nt final states.

c >
« Using LHCb 2016-2018 data, at 13 TeV and 5.4 fb~1, c
—+ %
« No significant signal. Local significance is 2.3¢ <::
d >
« Combine with £}, - ATK~n™" result. scpva 63 2020) 221062
a> L L L s F’FZSOO_ I L L L L DL
512000 - E -
S LHCb 4 Data : S F unew 4 Data ]
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http://cdsweb.cern.ch/search?ln=en&p=LHCB-PAPER-2021-019*&f=&action_search=Search&c=LHCb+Publication+Drafts
https://link.springer.com/article/10.1007%2Fs11433-019-1471-8

@
S Search for ZF. in Efn—nt

PAPER-2021-019 (IN PREPARATION)

« Combined local (global) significance 4.0 ¢ (2.9 o). Best
fit found around 3623.0 MeV.

« Upper limit scan done in 3.4 — 3.8 GeV on R for different
lifetime hypotheses at 95% CL.
o(E{) x B(E, - Efnm*)
o(Ec) X B(Eg - Efmt)

R =

% 1 ] —r T T T T T T T 3
= E O 9F LHCb E
> 10 X gE 54! .
R ol g 3
— 1072 2 7 =
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3 1073 ...................................................................................................................................................... % :
s z
107 = 4 3
0 E = > AK 9! E K R N AT A I SO SRR
= cc c E — _:
100 EL - Ex ', 54 b e 2 e ‘ E
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http://cdsweb.cern.ch/search?ln=en&p=LHCB-PAPER-2021-019*&f=&action_search=Search&c=LHCb+Publication+Drafts

& + i Tt =t
Search for Qf. INnEfK ™«

~° > S 1 k-
ARXIV:2105.06841 = .-
* First searching for Qf, in EfK~n™* final states. 07, Mﬁ '
« Using LHCb 2016-2018 data, at 13 TeV and 5.4 fb~1, ¢ > s e
—C c J
« 3.20 (1.80) for local (global) significance, the largest local significance found
around 3876.1 MeV.
g saal” Lﬁc'P' T 'i'?éﬁé‘l' T E IE o T T 3
é) 5410 v Signal :; 107! E élc
" 150 7 Background § - .
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3 107 o
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https://arxiv.org/abs/2105.06841

& + Tt =t
Search for Qf. INnEfK ™«

ARXIV:2105.06841
* Global significance < 30

o 0.14 e — e
° Upper limit scan done in 3.6 — 50_12__ 4018 728018 -tz 12018 =160 fs-—t=200f8 —
4.0 GeV on R for different lifetime § L LHCb ]
hypotheses at 95% CL. o N T fosam!
b= po T S B froa ’ o :
 o(Qf) X B(QY, > EfK-m) X BE! > pK-m*) -
Co(EMN xBEM - AfK-ntnt) x B(AF - pK—nt)
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3600 3700 3800 3900 4000
m(E;K ) [MeV/c?]

18

e

Zhihao Xu(UCAS) @HADRON2021


https://arxiv.org/abs/2105.06841

Summary

« Charmed baryons
 Observation of excited Q2 baryons
« Observation of excited 2 baryons
« First branching fraction measurement of the 22 - Afn~
* Lifetime measurement of QY and =2 baryons

* Double charmed baryons
« Search for the doubly charmed baryon Q.
« Search for the doubly charmed baryon =,

e

Zhihao Xu(UCAS) @HADRON2021
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Future
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Lifetime of Q2 and ZP  wew

PAPER-2021-021 (IN PREPARATION)

 The lifetimes of the Q2 and Z2 baryons are determined from a binned y* fit to the
data collected in 2016-2018. which is constructed as:

N2 — Cyear X Fi(7) x x M

Neon. 2

sx + Cloar X F7(7)

year

Nf-e
L year

where NLSJ‘;ZW (Niyear) is the signal yield in data for the signal (control) mode in

decay-time bin i and for each year, M is the effective yield predicted from simulation.
F;(t) aim to account for the difference in lifetime between the data and the

simulated samples and C is a normalisation factor for this term. ¢ is the uncertainty
of the relevant quantity.

e
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http://cdsweb.cern.ch/search?ln=en&p=LHCB-PAPER-2021-021*&f=&action_search=Search&c=LHCb+Publication+Drafts

= X % —

250 5 ATK

PHYS. REV. LETT. 124 (2020) 222001

« Alternative fit with one additional components which need to be

explain.
S o000F T T 5 2000 T T ——- E(2923) ) AK
2 < R — EC(2939)3—>A3K-
— i — - = K
< 1500 = 1500 :C(2965)+_>A3K_
7 - 7 [ I =.(2923)" > AK 7*
2 ool 2 ool E.(3055) =2 (ALK
5 1ML S Il =.(3055) =2 (A n")K-
S . ST Z.(3080) =2 (AT K™
S0 \ 500 Z (3080 =2 (A 7K™
i X - - Background
% 100 200 300 T 200 300 Additional component

M(AK") - m(A) - m(K™) [MeV] m(AK") - m(A7) - m(K™) [MeV]

« More data are required to understanding this structure.

e
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https://doi.org/10.1103/PhysRevLett.124.222001

Derivation of R,

B(E'— 7 AF) = N(E'— 7= A})/N(Z?)

N(ZY) = }fi - N(AT).
+ A

[

£ C ) ij_
f,-ﬂ f,-’lﬂ ?

_ NE* w7~ (A= pK—nt)) 1 Jao
E0 5 AN = ¢ ¢ A S
B(Ze—= A7) N(AT S pK77) -
1\ ~ A
Ry: Known
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Derivation of R,

B(E'— 7= AF) = N(E'— 7= AF)/N(Z?)

c fE‘j-
fji ~ 1 _ - N(EF—spK—7") 1 fa N -
B ‘_'*: v B(‘:c _}ph m ): N.-(A:_}pﬁr_ﬂ.+) E -fEb‘ B(Ac _};"}P‘ T }.'
B(Z°— 7= A}) = N(5°— 7~ A)/N(ZT). / . g R g )
B(En_}ﬁ_ﬁ)zw(sﬂ 1 (Af = pKnh)) B(E} = pK nt) Can be Known
¢ N(EF = pK—1) BAF S pK ) measured
N\ N J
:RZ:
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