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Introduction

= Hadron spectrum is the primary observable of QCD

= LHCb has been providing propellants for heavy flavour
spectroscopy

= Focus on very recent results of baryon spectroscopy
« Beautiful baryons
» Observation of new excited 2 states

» Observation of new excited A, states (NEW)
» Observation of a new excited =, state
« Doubly charmed baryons
» Observation of £}t - Zfnt
» A search for 5% - D*pK~nt (NEW)
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The LHCb detector JINST 3 (2008) S08005

IJMPA 30 (2015) 1530022

= A single-arm forward speotrometer at LHC

Vertex Locator RICHs ECAL
= 5 K)~ 100/
opp=20pm e(K = K)~95% o /E = \/_0 @\1 o

o, = 45 fs mis-ID e(r —» K)~5%

-

/;"’)/\il ICH

Tracking stations
Etracking~96%
0,/P~0.5% — 1%(5 — 200 GeV)
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LHCDb data taking

= A huge amount of bb and c¢ have been produced
- About 102 pb and 1013 ¢¢

= High b-baryon production fraction
* B:Bs: /Ay = 4:1:2

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018
2018 (6.5 TeV): 2.19 /fb

2017 (6.5+2.51 TeV): 1.71 /b + 0.10 /fb
2016 (6.5 TeV): 1.67 /b
2015 (6.5 TeV): 0.33 /fb
2012 (4.0 TeV): 2.08 /b
2011 (3.5 TeV): 1.11 /b
2010 (3.5 TeV): 0.04 /b

About 9 fb~1
accumulated In
Run1+Run2

Integrated Recorded Luminosity (1/fb)
o —_ N w H (8] D ~ 0] [{e]

|6 tat13TeV |

| | |
2013 2014 2015 2016 2017 2018

Year

SN AN
2010 2011 2012
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Reconstruct heavy flavour decays at LHCb

~200 prompt tracks in acceptance

B
. =~ m
Primary Vertex M

Displaced Vertex

/A

Detached tracks

Ao Xu (Tsinghua) Hadron 2019 5



BEAUTIFUL BARYONS

A = udb
25 =uub 2, =ddb

=, =dsb



X, and 2, at LHCDb

PRL 122 (2019) 012001

. Study AY7* mass spectra ;3335_
1800 F-
- With A9 » = A (- pK~n™) > 1ok
SI00E  pW W
« 230k A} candidates in 3 fb™1  Z'E o
600 P
= Measure mass and width oA Background
0 L L N l . PR
- Agree with CDF measurement . 510 oo A

0 20005— LHCb
- Improved by a factor of 5 = 1800
S 1600
Quantity Value [MeV] 7 1400 F-
m(%, ) 5815.64+ 0.14+ 0.24 g oE
o) -
m(X;") 5834.73£0.17+ 0.25 S 800F
m(3F)  5810.554 0.114 0.23 ~ jood 3 P
m(3;T)  5830.28 & 0.14 & 0.24 NNTAEEY U Background
T(;) 5.33+ 0.424 0.37 of = T
NG 10.68 + 0.60 + 0.33 0 [MeV]
() 4.83 4 0.31 £ 0.37 _ 0+ 0 n
r(zgi) 0.34+ 0.47 % 0.26 Q = m(4p*) —m(4;) — m(m*)
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Observation of X, (6097)*

PRL 122 (2019) 012001

= Extend to higher mass region

« With tighter pr(7r5) requirement

= Fit the Q-value distributions

= Compatible with X, (1P) states

- Expected in heavy-quark limit

- Might be a superposition of
several resonances

Quantity Value [MeV]
m(2,(6097)7)  6098.0+£ 1.7 = 0.5
m(Z5(6097)7)  6095.8+ 1.7 + 0.4
I'(3,(6097)7) 289+ 4.2 + 0.9
I'(3(6097)7) 31.0+ 5.5 + 0.7
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Candidates / (6 MeV)

Candidates / (6 MeV)

E 2, = Agn‘
- Bz, - A

e W2, 6097) — Aln
F ----Background

0 200 600

400
450 Zr— A
400 B - A
350 o
300 B =, (6097)" > Adn*
250 ----Background :
200 h T
150 . X,(6097)"
100
50 ‘

0 T 200 400 . 600
0 [MeV]

Q = m(A)wt) — m(A}) — m(mt)
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A} excitations in Ayt

arXiv:1907.13598

= Study Aptm~ spectra VA A
- With 4 5 7= AF (- pK ) QOOOf_ . + ++++++++++++++++++E
. 900K /9 candidatesin 9 b=t | ST S
= Structure around 6.15 GeV : | A ;
= Cross-check with \_ g )
» Ay > pK7] /P (= putu) : At +++++++++++JH5;
» Investigate decay substructure 2°”‘+++++ﬁﬁ+ﬁ:'”'H'}’mﬁ+++ + -
. Mass above the 5y Fn* threshold | A\
15 mAgn+n_ ’ GeV]
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A} excitations in A)mtm™

arXiv:1907.13598

= Split by Ay invariant mass =~ w—— —

300:— e + N —:

. - +IT(X ]

. X, region £ %) S R

. Xy region A i T\+++++H++++++Hﬂ++ o ++E

b 100— —

« Nonresonant (NR) region T -

- b resion E=—=1A,(6152)" =----- background |

. . o 4I(X5 = A, (6146)° total ]

= A simultaneous fit = f ) *+++ sttt 2

322 400; JESUESEE - A e Sla s o+ .

- Two-signal hypothesis with 7o i wfn,(6146)° -

= Almost degenerate narrow states T ‘ i

My, o146 = 6146.17£0.33£0.22+£0.16MeV, [ . e E
My 61520 = 6152.51+£0.26+022+£0.16MeV, [ "

Ty, 61460 = 2.9 +1.3 £0.3 MeV, . VY

Ty, 6120 = 2.1 £0.8 £0.3 MeV, |

mAgn+1t_ o
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A} excitations in A)mtm™

« Study AQm* spectra
« SPLOT technique

= Different couplings

« A,(6152)° to both X}, and X},
« A,(6146)° primarily to X;

= Consistent with the Ab(lD)Og;

3t 5+
doublet of J¥ = ~ and -
« Observed mass
« Measured natural width

- Observed decay pattern

arXiv:1907.13598

00— M8 ™ ——m—m——m——m—m——m—F———F———+—r——+—r——+———+—17—T——7—

= 100
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Observation of =, (6227)~

PRL 121 (2018) 072002

« Study the A)K~ and Z)n~ spectra in 4.5 fb~!
= The most massive baryon observed so far

° mgb(6227)— = 6226.9 i 2.0 i 0.3 i 0.2 |\/|eV
¢ ng(6227)— — 181 i 54‘ i 18 |\/|eV

% [LHCo Full fit © 4000i LHCb Full it % [LHCb Full fit
> gool STTBIBTV o koo Aatk| S [ (5=7,8,13 TeV £,(6227) > AU A XK | 3 ool /57813 TeV 5,(6227) > Z0>E X)n
= - Combinatorial = L Combinatorial = L Combinatorial
[ee) $ o
2 00l 2 O,
o 400 2 8 400
3 I ke T r
e 5 S
° c °
S + © c
O ©
O 200 O 200
‘ QA [ R L J_Jxl‘v-—b o 0 n o - N M : ‘ L
500 600 700 800 900 500 600 700 800 900 400 600 800
M(AZK™) = M(AD) [MeV/c?] M*(AJK™) — M*(A2) [MeV/c?] M*(E977) — M*(Z2) [MeV/c?]

5,(6227)" > AV(= ATm)K™  EL(6227)” = A= Afu X)K~ E,(6227) - EY(— Efp X)m™
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Observation of =, (6227)~

PRL 121 (2018) 072002

= Production ratios

R(AOK ) — f... p(6227)~

B(5,(6227)™ > AYK ")

—B(5,(6227)" - E0n7)

Quantity [1073] 7,8TeV 13 TeV

R(AK™) 3.0+£03+04 34203404
R(Z,m) A7TE£10£7 22 4+ 6+ 3

= Assuming ng ~ 0.1f 0
B(5,(6227)" » A)K™)/B(E,(6227)” » ™) =~ 1

= Candidate of =, (1P)~ or £, (2S)~ or the admixture?
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DOUBLY CHARMED BARYONS



The doubly charmed baryons

= Two SU(4) 20-plets Containing SU(3) triplets

. T+ — o+

« 1t was observed in the AYK~n*nt final state in 2017
© Mgit = 3621.40 +0.72 + 0.27 + 0.14 MeV PRL 119 (2017) 112001

- Tg++ = 0.25610055 + 0.014 ps PRL 121 (2018) 052002
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Observation of Z1.*

PRL 121 (2018) 162002

ot e+ ¢, 100}
= Study Z7 (= pK ™)™ spectrum 7 |
80

= Significance of 5.90 % @
- Weighted average g wf
© Mg+ = 3621.24 + 0.65 + 0.31 MeV 20¢

B(z4 sttt pk ) e e

B(ErFr-A K- 7T+7T+,A2'—>pK t)

« R=(354+09+0.3)x10"2

« B(E}Y > pK nt) =(0454+0.214+0.07)%
[Belle, Phys.Rev. D100 031101]

= R

B(gdl»&in”

B(lf-AtKk—ntnt)

~ (0.5

O'Ll...,J”JJ..-r'..."“r..LLH.l.,
3500 3550 3600 3650 3700
m(AFK-mt ") [MeV/c?]
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A search for £}* -» D pK~m™

arXiv:1905.02421

» Helpful to further understand the dynamics of ="
« Efficient D* trigger at LHCb

= Low branching fraction due to small phase space

c c > c
Z + >
<d D u > u AF
d
d <
ot = -
= U > u P :(?:+ d o+
< ' !
: <
- U
c = 4 > S K c > A = s K-
W+V1/1/L<1f ot W+Vv%<:: U N
d a T
Q = 180 MeV Q = 320 MeV
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A search for £}* -» D pK~m™

arXiv:1905.02421

Study the D*pK~nt spectrum with 2016 data of 1.7 fb~1
With DT - K ntrn™
No significant signal is observed

B(gif->Dtpk~n™t)
B(gtr-AtKk—mtnt)

« R<21%x107% at95% CL

Upper limiton R =

L I B R B B B B B ) L I I L B B
& YOF LHCb 13 Tev 2 120 LHCb 13 TeV
; 80F ¢Data D L ¢Data
o 70F -Fit S 100 -Background
= F -Signal g1 [I¥ " o) -
vy 0 _Background [[f ] ] \ ~ 80F
S s50F ' 2 ¥
2 40F i } y:
E; 30 = { ! ." {“. } g 40 C
= E | } ]t } S Tk
- bl N { 20F
O 10t ¢ 1 ’:u. Tt 5
(== . T S R . & 0. — .
1850 1860 1870 1880 1890 3500 3550 3600 3650 3700 3750 3800

M([K '] ) [MeV/e?] m(D*pK ~n*) [MeV/c?]
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Prospects CERN-LHCC-2011-001

CERN-LHCC-2017-003

= LHCDb Upgrade I: installation ongoing
= LHCb Upgrade llI: investigation started

We are

here
H O A DB 9 NN DN A s, Y N OO SN D
NI P VG T Vo Mo VA VO VA o Vo ) A Y VI I M AR
I A A A
- { ! ! ‘- ‘¢ 7 1 | [ |

Install LHCb Upgrade Potential ‘stepping stone’ HL-LHC:

(Phase 1) projects to prepare for Phase Il upgrade
Phase Il
Current detecto> Phase-Il ?
L=4x%x1032cm3s? L=2x103cm2s1  (5x%) L=2x10% cm2s71 (50x%)
1.1 visible interactions 5.5 visible interactions 55 visible interactions
/ crossing / crossing / crossing
8 fb1 collected 50 fb! collected 300 fb! collected

Courtesy of Mark Williams
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Projection of the yield

CERN-LHCC-2018-027

= LHCb data sample will be boosted
- Observation of new states
« Precise measurement of the observed states

LHCb

Decay mode 23tb=t 50fb~t 300fb~!
BT — X(3872)(— JynTa )K+ | 14k 30k 180k
BT — X(3872)(— ¥(2S)y)K T 500 1k 7k
BY = (2S)K 7t 340k 700k 4M
Bf — Df DD 10 20 100
AV — JhppK ™[] 680k  1.4M 8M
E; = JWAK™ 4k 10k 55k
Eft > ATK ntnt 7k 15k 90k
Ef— JWES 50 100 600

[*] Updated according to the latest measurement

Ao Xu (Tsinghua) Hadron 2019 20



= LHCb has been and will continue providing propellants
for heavy flavour spectroscopy

« Observation of several beautifully excited baryons
« Progress in the sector of doubly charmed baryons
« The full Run1+Run2 data are being exploited

- The ongoing upgrade will increase the instantaneous
luminosity by a factor of 5 with fully software trigger

Stay Tored,
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X, and 2, at LHCDb

PRL 122 (2019) 012001
« Study AQm* spectra

» With A} > = A (- pK~ )

» 230k A} candidates in 3 fb~!

530000 e I E
§ : I LHCb ]
A, 25000 - | | E
3 20000 - o E
= - 0 +_— .
g 15000 F- L A = Ao E
2 : . | pEYve ]
© 10000 - 4 . —— Part. Reco. E
5000 fm, :’ ‘. ----- Combinatorial 3
e .

5500 5600 5700 5800 5900
m(Arz7) [MeV]
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A, excitations in Ajmtm™ |
arXiv:1907.13598

« A)mtn~ spectra
= With A —» n~Af (= pK~n*) and Ay = pK ]/ (= putu”)

<10°
150
100

50

A)— JpppK -~

Candidates/ (6 MeV)
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