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Outline

* Introduction

* Charmed baryon

* Doubly heavy baryon
* Beauty baryon
 Summary

Please see Liming’s talk on Exotic hadrons at LHCb

More results can be found here:
https://Ihcbproject.web.cern.ch/Publications/LHCbProjectPublic/Summary_all.html
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Proton energy: up to 7 TeV (102 eV)
speed: 0.999999991-c
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Beauty/charm production

* Large production cross-section @ 7 TeV
— Minibias ~60 mb
= Charm "6 mb ]- Flavor factory!
— Beauty  ~0.3 mb cf. 1nb @Y (45)

* Predominantly in forward/backward cones
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Beauty/charm signature

Beauty Charm
M= 5 GeV M= 2 GeV
\O _p o

- *
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. Comparéd to minimum bias (background)
— Relatively high mass - high transverse momentum
— Relatively long lifetime - large impact parameter (IP)

* Requires excellent vertexing, tracking, particle-
identification



[JINST 3 (2008) S08005]
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The LHCb experiment
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Vertex Locator
Tracking (TT, T1-T3)
RICHs
Muon system (m1-ms)
ECAL
HCAL
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Opv x/y ™~ 10 um, opv,, ~ 60 um
Ap/p: 0.4% at 5 GeV/c, t0 0.6% at 100 GeV/c
(K — K) ~95%, mis-ID rate (r — K) ~ 5%
e(u—p)~97%, mis-ID rate (x - u) =1—-3%
oe/E ~10%/VE ®1% (E in GeV)
oe/E ~70%/VE ®10% (E in GeV)

Heavy baryon spectroscopy @ LHCb



The LHCD trigger (Run-I1)

40 MHz bunch crossing rate

@ Level-0, Hardware
» Fully synchronous at 40 MHz

LO Hardware Trigger : 1 MHz » Selection of high pr particles
readout, high Er/Pr signhatures * pr(pn) >~ 1.5GeV/c,

pr(uy) x pr(ps) >~ (1.5GeV/c)?
450 kHz 400 kHz 150 kHz % Er(h.e.y)>25—4GeV

@ High Level Trigger (HLT), Software

! Software High Level Trigger : » Stage 1, tracking info, IP cuts
» Stage 2, full reconstruction + selections

~50 kB/event = 0.25GB/s, ~ 2 PB/year

Buffer events: to d_isk, perfon_-m online . ¢ Ofﬂine da’[%efJOW : : 10%
detector calibration and alignment . Raw data — S’[r|pp|ng N (H)DST
Stripping, also as HLT3, Pre-selections

of all decay channels under study

Partial event reconstruction, select
displaced tracks/vertices and dimuons

Full offline-like event selection} mixture

of inclusive and exclusive triggers
12.5 kHz (0.6 GB/s) to storage
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The turbo stream

LHC bunch crossing (30MHz) Maximum achievable rates

_ Turbo stream, yDST, event size 10
L0 hardware trigger (1MHz) times smaller, maximize physics output!

l Real-time alignment
l and calibrations

HLT2 software trigger (12.5kHz) R

Offline reconstruction and
associated processing

User analysis

T —— ' ‘
Offline reconstruction and

Calibration associated processing
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LHCDb luminosity prospects

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018 current LHCb —— Upgrade | ——» Upgrade —
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Lots of singly charmed baryons

e AV 5 pK mt:~ 1x10% perfb™t @ 7 TeV
e ¥ 5 pK mt:~ 3x10° perfb™! @ 7 TeV

[JHEP 12 (2013) 90] [PRL 118 (2017) 182001]
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Charmed baryon mass (GeV)
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[PRL 118 (2017) 182001]

Candidates / (1 MeV)
(8]
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Observation of excited (1) states

- WithEfK~,EF - pK~nt

e 5 narrow states + evidence of  #N

a br
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+1:::111<1:'t | Resonance Mass ( MeV) [ (MeV) Ny =+Ax?
—rull 1t — .
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B = sidebands 1 < 1.2MeV,95% CL
1 02.(3066)° 3065.6+0.1+0.379%  354+04+02 239
I 2.(3090)°  309024+03+0577  874+1.0+08 21.1
2,(3119)° 31191 £034+0.9752  1.14+£08+04 104
< 2.6 MeV,95% CL
2.(3188)° 3188+ 5 +13 60+ 15+11 6.4
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m(Z7K ) [MeV]
Heavy baryon spectroscopy @ LHCb 12



[PRL 124 (2020) 222001]

Observation of excited Z? states

* Three excited Z2 states

PV
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Mm(AK") - m(AY) - m(K™) [MeV]
Resonance Peak of AM [MeV] Mass [MeV] I' [MeV]
=.(2923)° 142.91 +0.25 + 0.20 2923.04 +0.25 +£0.20 £ 0.14 7.14+0.8+1.8
=.(2939)° 158.45 +0.21 +0.17 2938.554+0.21 +£0.17 £ 0.14 10.2+0.8+1.1
=.(2965)° 184.75 4+ 0.26 + 0.14 2964.88 +0.26 +0.14 + 0.14 141+09+13
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[PRL 124 (2020) 222001]

Observation of excited Z? states

m(@Qg) - m(E

e We have

S —

m(Ec") —m(Zc")

m[Q.(2770)°] — m[E,(2645)"]
~ m[E,(2645)%] — m[X,(2520)°] ~ 125 MeV.

it also holds for
m[Q.(3050)°] — m[E,(2923)°]

~ m[E,(2923)"]

m[Q,(3065)°

m[Q,(3090)°]
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~ 125 MeV.
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Heavy baryon spectroscopy @ LHCb

e Gell-Mann-Okubo formula for baryons -

(a) Charmed baryons
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Doubly charmed baryon

* Mass
_ M(Eg_c ~ M(Egc+
= 3621.55 + 0.38 MeV
- MQF) =~ M(EFT) + 100 MeV
e Lifetime

e Production [PRD 83 (2011)034026]
—o0(cc) =90 nb @ 13 TeV in LHCb
— frragu:d:s ~ 1:1: 0.3
o(EX")=0(E}) ~40nb
o(Qf.) ~13nb
)

Jibo HE (UCAS
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=+ @ SELEX

« SELEX claimed [PRL 89 (2002) 112001]

—~+ + -+ — 8 F (c)
— M: 35191 MeV =
o
—1:<33 fs @QO%CL :
@
e Also = "‘CC - pD'l'K_ 1: - 342 347 352 '_ 357  3.62
e ™ wrong-sign (b)
% 4T peak mas 4-bin Poisson Prob % 8 T
%as; 3516MeV | <S.4x:(:) E 4 -
'3 3L o> 1. 3 0 -
[PLB 628 (2005)18] :;»12 _
1.5 8
1 4 [
.%.4 s AN 35,, %32 33 34 35 36 37 38 39 40

o 0 1) M (AKT*) [GeV/c?]
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=++ @ SELEX
« SELEX claimed evidence of 2/ - ATKn ™
in ICHEP 2002 (4 40)

i A:K'n+3t+
— M: 3460 MeV 't |
—~+ \. 35
c.f. M(Hcc)- 3519 MeV 3 WRONG-SIGN cos(B*) > -.6
big isospin breaking? |
.~ i
— T ~T(Esc) 2|
[hep-ex: 0209075] ' |—|H T

Jibo HE (UCAS) Heavy baryon spectroscopy @ LHCb



[JHEP 12 (2013) 090]

2. @ LHCb & others

 SELEX results not confirmed by FOCUS,
Babar Belle & LHCDb

« 2}, > ATK ™ searched by LHCb w/ 2011 data
D e e S T T 107 —
‘*‘§ 12| = ;'C LHCb g : LHCb B - 100fs 150fs 2500 _
%’ 10;— ‘1, _; ?:; 102 & :»q-‘.;::-_.“h._h ,',;'..'.,:'::',‘.:::.5,:',:" ’“,l-},xy,j#’ ‘-..{ A s .'-"m'" W _;
~ 8 ? ] % ' N ' Wl Sl
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: .}',.H..{m.f.fﬂ. l.JM.H. f Sy 0 T Y

400 500 600 700 800 400 600 800
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« However, LHCb already had lots of B events,
and double-charm events...

Jibo HE (UCAS) Heavy baryon spectroscopy @ LHCb 18



[PRL 119 (2017) 112001]

Observation of 217 - ATK n*n™

« ALK n*n™ identified as the
most promising channel 3+ =
[F.-S. Yu et al., CPC 42 (2018) 051001]

* First observation, in 2016 (>120) & Run-| (>70)

180 —
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S L+ Data 1 « —_————
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L wy o
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= C B 30k
EI: S oL il
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[PRL 119 (2017) 112001]

=T properties
« X7 mass measured:

3621.40 £ 0.72(stat.) &= 0.27(syst.) £ 0.14(A}) MeV/c?

SELEX: m(E}.)=3519%+1 MeV
Isospin partner?

L I A
— LHCb 13 TeV

%140_—

* Decay weakly, mass = ,p | 1/0,>5 ]
peak remains after g iof —Tow -
lifetime cut £ sop - Background ||

—Measurement of |

40
T(EZ) needed oy :
O:

3500 3600 3700
mcand(::;) [MeV/c?]



[PRL 121 (2018) 052002]

-+
—-ccC

= 0.256%0:055 + 0.014 ps
Weakly decay nature established!
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[PRL 121 (2018) 162002]

Observation of E17 - EXr™

« E1T > EfnT expected to
have large branching fraction

[F.-S. Yu et al., CPC 42 (2018) 051001] :jj O < /j EgL
e Searched w/ 2016 data
. Ratio of total BR: S

BEM - Efnt) - BEF » pK™nrt) :
BEM > AfK—ntnt) - B(Af - pK- n+)
= 0.035 £+ 0.009 + 0.003

at the lower end of prediction

* 5.90, re-discovery!

Jibo HE (UCAS) Heavy baryon spectroscopy @ LHCb
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Precision measurement of m(E}"
 UROP, as preparation to search for excited

L LHCb

o

S
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Candidates / (5 MeV/c?)
[\®] (@)
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L = >AK ntrt

states, event-selection re-optimised
F—T T — 1 — 71— ~ 00— 71—
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- - - Signal E 600 (- ‘
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[JHEP 02 (2020) 049]
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L | L L
3500

m (Z:) [MeV/c?]

m_, (5. [MeV/c?]

m(EX) = 3621.55 + 0.23 + 0.30 MeV/c?

cf., 3620.6 + 0.65 + 0.31 MeV/c?
» Lattice QCD: 3610 + 23 + 22 MeV/c?

[Z. S. Brown et al., PRD 90 (2014) 094507]
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Candidates / (6 MeV/c?)

Measurement of £ production

* Measured w/ 2016 data
» Accompanying c¢c dominates: wx
in trigger, lots of work on ¢ (o0
valldatlng efflc:lency

1 1 a L 1
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(2020) 022001}

[CPC 44

Measurement of £ production

Relative to A7, in |
A7

2<y<4.5
0(EZ) 3

B = AcK™m™m™)

SE@

[ —+ Data
. — Total

o(AY)
= (2.224+0.27 + 0.29)x10™*

[ -~ Non-prompt

Candidates / 0.2

SELEX, 20% A} from E,
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* Blinded analysis

« T(E}.): (0 fs, 80 fs) x (non)observation
Evidence around
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[SCPMA 63 (2020) 221062]

Unblinded Z/. mass distribution

» Swtiching to event-selection designed for
setting upper limit
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[SCPMA 63 (2020) 221062]

95% upper limit on R(AY) [x107]

o
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Upper limits on E. production

ZSCIENCECHINA .
« UL relateive to A7 and 2 i
in the fiducial region
4 < pr < 15 GeV, 2<y<4.5

o(Ec a(Ed) - B(Hcc - AZK™m™)

R(AY) =———=BE!. > ATKnt) R(EN =
c + —cc c Sec —
(A ) (_.C +) B(._.++ —>A+K ntmt)
T " 1 = T
:’*’r=40fs —1=80fs --1t=120fs 1=160 fs : J[FI]Q | -~ 1=40fs —1t=80fs -~ 1t=120"fs t=160fs |
& B
- ; LHCb { = »[ ‘ LHCb ]
04, i =13TeV] 2 [, (5= 13 TeV
i E [ ;‘ o
. ! :
)
Q.
(@
=)
IS
e
ob— 0|||
3400 3500 3600 3700 380 3400 3500 3600 3700 3800
m(A K ) [MeV/c?] m(ATK %) [MeV/c?]

Jibo HE (UCAS) Heavy baryon spectroscopy @ LHCb 28



Doubly heavy baryon

* Mass
- M(Ef,) ~ M(E),): 6.7-7.2 GeV
- M(Q).) = M(E,) + 100 MeV
» Lifetime
- 1(Et) =~ 1(E3.) = (Q),): 100-500 fs
e Production [PrD 83 2011)034026]
— o(bc) = 35nb @ 13 TeV in LHCb, c.f. a(cc) = 90 nb

— frrag u:d:s ~ 1:1: 0.3
o(Ef.) = a(8);) ~ 15nb
a(Q.) ~ 5nb



[JHEP 11 (2020) 095]

First search for =
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Charmed baryon mass (GeV)

29
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Beauty baryon
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[PRL 123 (2019) 152001]
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[JHEP 06 (2020) 136]

Excited A, /X, states
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Excited =, states
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Excited (), states
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Summary

 LHCb has done world-leading works on

charmed & beauty baryon spectroscopy
— Charmed baryon, e.g., excited (). /=, states

— Doubly heavy hadrons, e.g., 22

— Beauty baryon, e.g., excited (1, /2, states

 With LHCb upgrade (50 fbt) & upgrade-Il (300 fbl),
much more will be done

* Your suggestions are always welcome
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