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Introduction

- Over the past 10 years the LHC has discovered 59 new hadrons, mainly from LHCb.

- The discovery of new particles provides valuable information on probing the limits

of the quark model.

\_' Could provide a deeper understanding of the hadronic structure.

- Studying heavy flavour
spectroscopy allows us
to further our
understanding of how
conventional hadrons,
tetraquarks and
pentaquarks are formed.
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https://home.cern/news/news/physics/59-new-hadrons-and-counting
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- Single arm forward
spectrometer covering the

range 2 < n < 3.

- Extremely good particle
identification and tracking.
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Recent Results

. Observation of the excited Q¥ baryons in Q; — EFK ™z~ decays
LHCb-PAPER-2021-012 (submitted to PRD Lett: arXiv:2107.03419)

. Observation of two new excited Eg states decaying to AgK 7 -New result!
LHCb-PAPER-2021-025

. Observation of the decay Ag — Y PTT
LHCb-PAPER-2021-003 (published in JHEP: JHEP 05 (2021) 95)

. Search for doubly heavy baryons E) and Q) decaying to Afz~ and ¥z~

LHCb-PAPER-2021-002 (accepted by Chin. Phys. C: arXiv:2104.04759)
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https://arxiv.org/abs/2107.03419
https://link.springer.com/article/10.1007%2FJHEP05%282021%29095
https://arxiv.org/abs/2104.04759

Observation of excited Q!
baryons in Q; — ZfK~z~ decays
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LHCb-PAPER-2021-012

Observation of Q; — EfK g~ =soes

. o ** | | —
. In 2017 there was an observation of five new resonances of QY (css) decaying as Q. © — EXK™:
Phys. Rev. Lett. 118 (2017) 182001

Now cited over 200 times!

- A way to determine the quantum numbers is from studying the decay of a known hadron (€2,)
into these excited states.
Signal Decay: Q, — EXK 7~

NQ; — EYK—77) = 240 + 17
(€2, ¢ ) . First observation of Q, - EfK 7.

B = e B B =
> & 4 Data 4 - Branching fraction relative to €, — an_
E 80; LHCllo — Total fit _g is measured.
= 0 90 Gy EK E BQ; — BIK ) BE — pK-nt)
= 60 | SRR aal K’_’ - = 135 £ 0.11£0.05
3 501 # e Qe (B KA B = Qen) B = pRoKa)
S F e QS ETK K - . .
5 40 - Comb. background 1 * Mass measurement from this analysis:
S 30F E )

oF E m(Q) = 6044.3 £ 1.2 + 1.1 MeV

10k _; - Averaging all LHCb measurements gives:
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https://arxiv.org/abs/2107.03419
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.182001

LHCb-PAPER-2021-012
arXiv:2107.03419

Observation of the Excited Q? States

- Four signals are consistent with = AR AR AR AR R AR R
those of the previously observed é) - Q (3050)° —4— Data i
0.(3000)°, ©.(3050)°, ©.(3065)° 1 205 Lnggg — Total fit —
and QC(3O9O)O baryons. S-/ i Background i

8 15k ¢ —

- Modelled with a relativistic Breit I i Q,(3065)" _
Wigner (S-wave) convolved with a é i _
Gaussian. Threshold modelled 8 10 | -
with S-wave Breit Wigner. E Q (3000 | A\‘ Q (3090)° E

5 o ||/ —

- Production fraction: ) I

By — Q) BQ - EHK) % ¢ L gl alenaleme o

P

Il
-

BQp - BXK—77) 20 40 60 80 100 120 140 160 180 200 220
Prompt analysis: This analysis: m(E’ﬁK") B mE’Z — M- [MeV]
Resonance Mass [MeV] I' [MeV] Mass [MeV] [' [MeV] P
Q.(3000)° | 30004+02+01 45+06+03 29992+09+009 48+21+25 | 011+002+0.04
Q.(3050)° 3050.2+0.1+01  0.8+0.2+01 30501+03+0.2 <16@95%CL | 015+0.02+0.02
Q.(3065)° | 30656+01+03 35+04+02 30659+04+04 17+10+05 | 0.23+0.02+0.02
Q.(3090)° 1 3090.2+03+05 87+1.020.8 | 3091.0+11+10 | 74+31+28 |019+0.02+0.04
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https://arxiv.org/abs/2107.03419

LHCb-PAPER-2021-012
arXiv:2107.03419

Observation of the Excited Q° States
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- Enhancement seen at E7 K~ threshold with a significance larger than 40, further studles needed to
determine its nature. A similar structure was seen in the inclusive £ K~ spectrum and was interpreted as
the partially reconstructed decay Qc(3065)0 +( — Efy)K.

» This interpretation has been ruled out in this analysis due to cuts on the €2, mass.
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https://arxiv.org/abs/2107.03419

LHCb-PAPER-2021-012
arXiv:2107.03419

Observation of the Excited Q? States

- Three-body decay provides a way to determine the quantum numbers by exploiting angular

Background - Background

distributions.
2 21 0.(3000) 1 Data N | 2,(3050)" F Dot + The spin of a state is
g —J=1/2 g —J=1/2 .
510} LHCb 07y . LHCb determined by
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https://arxiv.org/abs/2107.03419

Observation of two new excited
=) states decaying to A)K z*
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LHCb-PAPER-2021-025

Observation of the excited E) states

. Several excited Ag tates have been observed, leading to the investigation of the excited =, states due to
their similar properties.

Ab(5920)3 + Recently the LHCD collaboration reported the observation of the =,(6227)~
A(5912) baryon and its isospin partner Z,(6227)". Phys. Rev. Lett. 121 (2018) 072002
A, (6072)° Phys. Rev. D 103 (2021) 012004
’ E,(6227)" > AJK™ E,(6227) —> En~ =,(6227)° - Bt
A, (6146)" . —_ _
AZE 61 52;0 - The CMS collaboration reported an observation of the Z,(6100)~ baryon.
Phys. Rev. Lett. 126 (2021) 252003

. Two 1D Eg states are predicted with decays dominated by the Z(*)K and EZ’,E modes.

— _
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NATz7) = (101721 1.3)x 10° NA'z~#ztzn™) = (595.9 + 3.3) x 10°
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.072002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.012004
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.252003

LHCb-PAPER-2021-025

Observation of the excited E) states

. Candidates with massin a 2.56 window around the Ag mass are used to form AgK .

- To estimate the background generated from random combinations, the wrong sign candidates are
reconstructed with a AgK *7~ final state.

Right sign
C9gF T T T T T 1 —~ 45 T | 1 ]
> } Data LHCb > 40 LHCb 3
S 80F i | 5.7 fb’! S 5.7 fb’! -
— 70 otal fi 0 | Preliminary, 'E — 35 Prelimipary _;
: 60 ib(6327)0 ++ + } I ~;: ; 30 ] _
S £,(6333) | % :
5 50 Combinatorial + s 2 3
FU ombinatoria i '-O ]
5 40 N g 7 H g 20 . :
S il © ok ]l { { 5
20 | : | E
o TTAT s i :
300 3204 6340 6360 00 6320 640 6360
m(AK 7*) [MeV] m(A’K*m’) [MeV]
Mz, (63270 = 6327261_8%? + 0.08 £ 0.24 MeV

Peaks modelled based on '

relativistic Breit-Wigner function, Mz, (6333)0 = 6332.671“8'% + (0.03 = 0.22 MeV

convolved with a resolution

function. . Statistical significance of two peaking structures is 9.30.
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Observation of the excited E) states

. Resonance structures in excited EO decays are studied by performing many AgK ~zt mass fits in 5 MeV
wide slices of the Agﬂ' mass spectrum.
. Mass and width parameters of the two nb states are fixed to the nominal fit values.

Signal yield of the Eb(6327)0 and Eb(6333)0 states as a function of the Aoﬂ' mass:

— * —
Hb(6327)0 z+( — A +)K _b(6333)0 — 2 +( — A +)1<
N B ' ] - = ]
% i i Data LHCb i % 30 E i Data LHCb E
S 80| — Total fit 15>71-fb° N - S T F — Total fit ls)erifnbinlar N
B reliiminary ] - y K _-—
NS Xé Zb - 2 25§ """" %, >t :
; 60 — 2b+ o ; 20 - 3
o MR 1 BsE s
> a0l ] >~ E ]
or B 10 =
: ] SE =
20 - = 3
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0 ; . siihoE NS L . ; = ;_ L . P R _;
5760 5780 5820 5840 5760 5780 5820 5840
m(A)r+) [MeV] m(A)m+) [MeV]

s+ 5 AOZF contributes £o A large fraction of the = :b(6333)0 baryons
b b

decay without Aoﬂ' resonances.
most of the Eb(6327)0 decays. Y

. Resonance structures consistent with the theoretical predictions to the 1D excited Eg doublets.
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Observation of the decay
Ay = ypm”
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LHCb-PAPER-2021-003
arXiv:2103.04949

Observation of the decay A} =y p=

- Hidden-charm pentaquarks have been found in the J/yp system of the beauty-baryon decays
Ag — JIypK~.
- Evidence for a pentaquark contribution in the same J/ywp mass region was found in the study of the

A(b) — J/ypn~ decay.

- Hidden-charm pentaquarks have only been observed in the J/yp and J/yw/A systems, motivating the

{nvestigation into other systems, such as 77.p, y.;p and y., p.

| Cabibbo-suppressed
{ Normalisation mode: A(b) = Ye12( = Jlyy)pK™

Signal mode: Ag = Ye12( = Jlyy)pr~

- The normalisation mode is used to determine the ratio of branching fractions:

%(Ag — )(chK_)
B(N) = y.pK~)

_ BAY — xapr) BN = yeapm)

= = HK
KT BN - y.pKo) 7 BN - gy pr-) 2
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LHCb-PAPER-2021-003
arXiv:2103.04949

Observation of the decay A) = y..px

- Each signal component is described by the sum of two Crystal Ball functions with a common mean,
with the ratio of the widths and the tail parameters fixed by simulation.

- The significance of Ag — Xc12P7 is estimated from Wilks’ theorem and the significance of

Ag — y.opr~ is tested by simulating a large number of pseudoexperiments.

60 T | T T T T T T T T |
4 data — - Statistical significance is found to be 9.6¢
50 B 25 Xeapn” 6 b and 3.8¢ for A} — y,,pn~ and
LAY = Xeopm 0 _ .
——— background N, = y.op7 respectively.

(O
-

N(A) = yqpr™) =105 = 16

(\®)
-

N(A) = yopr™) =51£16

[
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_‘_
2
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N
-
7S T L e e s e

.UIO

HADRON 2021


https://arxiv.org/abs/2103.04949

LHCb-PAPER-2021-003
arXiv:2103.04949

Observation of the decay A) = y..px

600

N(A) = yopK™) = 1766 £ 71 400

1400 B I I I I | I I I I I I I I I I I I | I I I I
- Each signal component of the — - 4 data LHCb
normalisation channel is modelled in the = 1200 B A= xapk™ | 6fb~"
. g : I:l A2—> XchK— N
same way as the signal mode. Z 1000E T A 625) J0pk-
§ B ——=— background
O '_cgﬁ 800 N total
_ = -
N, = . pK™) =3133£75 E -

200 e “¢*¢+¢m¢§¢ o

L4
L%
B ¢ ““."0‘0‘0.0'_0
- Branching fractions: R, Y. v ]

wno

[GeV/?]

R_x = (6.59£1.01+0.22) x 1072

Ry, =0.95+0.30£0.04 £0.04 - Background subtracted y,.,p, .z~ and pz~ distributions

from the Ag — y.1p7~ decay are investigated and
consistent with the phase space model. No evidence for
exotic states is found.

R, = 1.06 +0.05 = 0.04 £ 0.04
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Search for doubly heavy baryons =)
and Q) decaying to Afz~ and :“n‘

C

C
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LHCb-PAPER-2021-002

. :‘() () aXiv2104.04759
Doubly heavy baryons: &/ /€

- To date, no baryons containing one b and one ¢ quark have been observed experimentally.

. This is the first search for the Qgc baryon at LHCb and a new search for the Egc baryon, both

decayto AJ7z~ and Ef 7~
. —0 0 _
Previous search: 2, — D"pK

Production ratios: JHEP11(2020)095
R(A*2-) = NE)IQY — Atn™)  e(A)) REH ) NE).IQY) — Efr™)  e(E)
‘ NA) — Afzo)  e(B)./Q0) e NE) - Efz-)  e(E)./Q9)
d > > d r C > n > S
Egc{c > > C}A: b > W § > C}Ej
b > » (7} Ez?c 4 C Uu
_ (7} u } _
w fr- \d - - a'm
d
r C >

25+

> C S > > S
S > > d}Ai— ngc{ C} c
b > > Uu
+ u
>< =} W
\b > > d T d 7T

=
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https://arxiv.org/abs/2009.02481
https://arxiv.org/abs/2104.04759

LHCb- PAPER 2021-002

Doubly heavy baryons: E) /Q) =i

No significant SIgnal excess is seen, upper limits at 95% conﬁdence level are set on the ratios
R(Afn7)and R(E] )

N§10;_LHCb —+ Data E N§IO;_ LHCb —+ Data B
= ¢l 52! - Fit 1 = gL 521! - Fit N
¢ H{s=13TeV 1 ¢ FVs=13Tev :
g O 1 g or -
3 T 1 £ T ]
T 4 -1 E 4f ]
S L Ll S C A4 i
0— 68IOO — 7o|00 R 72|00" 0— 68|()b - 7o|o'0 T '72|o'0' i
m(Af7) [MeV/c?] m(Zf ) [Mev/?]

. The assumed mass of Egc is varied from 6700 to 7300 MeV with a step size of 4 MeV, and its lifetime is
varied from 0.2 to 0.4 ps.

04107 {0016
] . T T Y. [T T T T T
U 03 5 - LHCb e Observed CL (O 2ps) &) 0014 F LHCD e Observed CL (O 2ps)
< - . S _ —— Observed CL; (0.3ps)] =7 ' ~1 —— Observed CL; (0.3ps)1
Upper hmlt ranges on R: % 03F — >. 2f_b 13TeV —=— Observed CL; (0.4ps) 50.012 — 5'2f_b 13TeV —<=— Observed CL; (0.4ps)-
3ol VST BTV Expected CL, (02ps) 1 & oo f Vo= 3TV Expected CL, (0.2ps) -
+ s 2 R Expected CL; (0.3ps)3 ¢ "~ F Expected CL; (0.3ps) ]
) bc(Q ) — A = 0.2 %{. fffffffff Expected CL; (0.4ps)- 3 0008 - Expected CL; (0.4ps)
= —_CC’;.. = R :_ ]
0.5% 10~ to 2.5 X107 20PE B AN\ ERh: E
& 0.1 g‘«',’ ‘»"‘ 2.\ S —,:::: &0004 ‘ sttty T et W N \. S, i
) E Kl £ :E ) 0.002 sge”"‘ Mw:{"%,_ o :;:iv!»“"’"’ = Ko, --o--os
n—abc(Q ) — HC]Z- . OE- . | . . . I . . . I . .E O:- . . . . . | | | -
-3 6800 7000 7200 6800 7000 7200
1.4 %1073 to0 6.9 x 10 m(QQ,Z9 — A¥m) [MeV/c?] m(QQ,E0 — B r-) [MeV/c?]
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Summary

- Lots of new particles and excited states have been discovered at LHCD!
. First observation of the decay Q; — EFK 7.
- Precise measurement of the £2;' mass: m(€2,) = 6044.8 = 1.3 MeV.

. Four excited QY states observed with a significance over 66. Rejected common interpretation
of spin assignment J = 1/2, 1/2, 3/2, 3/2 with 3.56 confidence.

. Two excited Eg states are observed with a significance over 96 (compared to no peak

hypothesis) and 56 (compared to one-peak hypothesis).

» Properties are in good agreement with the theoretical predictions of the 1D excited Eg
doublet.

. First observation of the decay Ag — y.1p7~ with a significance of over 9¢. Evidence is found

for the Ag — y.,pr~ decay with a significance of 3.80.

. Upper limits on R at 95 % confidence level are found for Egc and Qgc.
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Thanks for Listening!
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