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Introduction

P. Li

QCD describing strong interaction between quarks and gluons is not well
understood due to its non-perturbative nature at low energy scale

Hadron spectroscopy provides opportunities to test QCD and its effective
models
o e.qg. lattice QCD, diquark model, potential model ...

Exotic hadrons provide unique probe to QCD
o Predicted in quark model
o Recent results show strong evidence for their existence

mesonic
molecule ? tetraquark ? pentaquark ? hybrid ?
HPCOW2018




LHCb detector and performance

The LHCb detector described in JINST 3 (2008) S08005
VELO: RICH: Muon System

primary vertex , PID: primarily K, t separation o . .
mpact parameter | / wifs \\ ® Single arm spectrometer designed
displaced vertex ) \\ . . . .

: for high-precision measurement oif
flavor physics

Beam 1 Ve | [&
Locator o [\

—_— o= ]
Interaction 3
region ..............

® Highly powerful particle
identification for p,K,mt

Calorimeters:

Tracking Station: p for Tracking Stations: : 0 :
L | R PID: D&t ™ ® \ery good momentum resolution
lived V° reconstruction that traverse the magnet
Int. J. Mod. Phys. A 30 (2015) 1530022
mmpact parameter: Orp =20 pm \
Proper time: o, =45 fs for B) — J/ip¢p or Dfm” ® Excellent primary and secondary
Momentum: Ap/p = 0.4~ 0.6% (5 - 100 GeV/c) ]
Mass 0, = 8 MeV/c? for B — J /X (constrainted m; ;) vertex reconstruction.
RICHK — m separation: €(K — K) ~95% mis-ID e(r - K) ~ 5%
Muon ID: eu-pw) ~97% mis-IDe(r » u) ~1— 3%
\_ECAL: AE/E =1 @ 10%/./E(GeV)
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LHCDb data taking

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018

_ ° 2018 (6.5 TeV): 0.81 /fb
8 B2 2017 (6.5+2.51 TeV): 1.71 /fb + 0.10 /fb
B * 2016 (6.5 TeV): 1.67 /fb
o [ 2015 (6.5 TeV): 0.33 /fb
— o 2012 (4.0 TeV): 2.08 /fb
6 —- ° 2011 (3.5 TeV): 1.11 /fb
- 2010 (3.5 TeV): 0.04 /fb ; : :
5 I ...................... ..................... ................. oemenemumoonean .....................

esegeccesessscrcecsccesesgeossessscscecsscsssssspescssccscessscssccsccpscscccscessiilfccccccciecsccrcecscsscecsscssfesccrcesscsscesssanee

4.5Ift§ so far

T D LR LR R D R PRy PP P PP PP PP

Integrated Recorded Luminosity (1/fb)

| I B B
2010 2011 2012 2013 2014 2015 2016 2017 2018

a(pp - bbX) ~ 300 ub @7 TeV vs ~ 500 ub @13 Tev ~ Y€ar
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Two methods for spectroscopy

m Direct production in pp collisions

o Combine a heavy flavor hadron with
one or more light particles

o Pros: High statistics, in principle can
study all states

o Cons: Large combinatorial
background, hard to determine J”

~
-
d

’
b

=0
Zb
\N

PV

s Production by a heavier particle
decay

o Usually with amplitude analysis

o Pros: Low background, Better
determination of JP

o Cons: Low cross-section, limited
states and limited J

X; A

PV
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Outline

m Standard heavy flavor spectroscopy
0 Observation of a new =, state
a Lifetime measurement of 29 baryon

o Doubly charmed baryon ZX.F(new decay channel, life time)

m Exotic hadrons
o Observation of Ay = y.(1.2pK ™
o Weakly decaying b-flavored pentaquarks

0 Search for dibaryon states in /12 — AYppm~ decays
o Search for a beautiful otetraquark in the Y'(1S) u™ 1~ invariant mass spectrum.
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Outline

m Standard heavy flavor spectroscopy

r~ Kk —

a Observation of a new &} state
o Lifetime measurement of 2 baryon
a Doubly charmed baryon £} (new decay channel, life time)

m Exotic hadrons
o Observation of A} = x.1.2)pK~
o Weakly decaying b-flavored pentaquarks

a Search for dibaryon states in A) — Appm~ decays

o Search for a beautiful otetraquark in the Y'(1S) u* u~ invariant mass spectrum.
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=, baryon spectroscopy

= b-baryon is less studied before LHC

s Experiments at LHC are continuing to contribute to £, baryons studies
0 £7(5945)° » £yt [CMS’12] e
0 £;(5935)7,&;(5955)” = Z2n~ [LHCb'15] B EV AN YO

[x]

~] 0 El +
o Z;° not yet observed b | 1/2 v
0 13/2v | 10D
PRL 108, 252002 (2012) PRL 114 (2015) 062004 JHEP 05 (2016) 161
2165_CMS\/__7TV e  Opposite-sign data 3 140 (é 60:_I R
g 14; t': S:f-b" ° Signal+background fit % 120 % C ‘ LHCb
g °f (5945)° o > ok = |
S 10f CMS ﬁ . T oF 1 2,(5945)°
ES] C 80 -
3 o g E
TP ef D z “F N
- E 4wfF 3 g
ar = ] =
2f H M0 - PAR Ty = 63
) i i c JRndNE 0 el a..—i:;::\u:ixsu‘;\\\\\x\"t&f:;m&'\&'k‘l\'\{&\\":\\\S e 54
0 10 20 30 40 50 0 10 20 30 40 >0 20 20
MJNYET') - MJIWE) - M(rt) [MeV] 0 - _ B -
M(E)m™) — M(E}) — M(m™) [MeV/c?] M(E,mt*) — M(E,) — M(m*) [MeV/c?]
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=, baryon spectroscopy

= b-baryon is less studied before LHC

s Experiments at LHC are continuing to contribute to £, baryons studies
0 57(5945)° -» 5ot [CMS'12] T

. EI; (5935)_’ El;k (5955)_ N Egn_ [LHCb,15] ; p— measurement  peps4,014025(2011). int.J Mod. Phys. A23, 2817(2008)
~r 0 g 6600 - -
o E, not yet observed =~ F 2P W
) I B -_ - ="
3":154{;0;— 1D::":;_
= More higher excited states are 3 -- 2S | --

00 = - .- - - - - 0
expected to be above A)K 200t P DT ApK
threshold "E

O b o000 ;_Eb ’.T:.b.:k A .- -
. b u Ab b u Eg 5900 ;‘" - 18 - o
EXC|t€d d} d S S 2800 ;.-..;P .- et anm
db_ u — } u - 5‘}‘{][]1 1'3I 3'5: 5'?I 71 1':: 3'; s'l? 7' J'Is a'ls s'l? 71 1'Is 3'I5 5'|? T'I
Ky S K d d TC ]P=EEEEEEEEEEEEEEEE?E?EEEE?EEEEEEEE
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Observation of a new =, state (Run | +Run ll)

s Hadronic A} - Afm~

o Yields:~400
o Resolution: 2 MeV
o 7.9c

x Semi-leptonic (SL)
A} > ATuX
o Resolution: ~18 MeV
o Yields ~15 larger
o 250

x Semi-leptonic (SL)
5> EXumX
o Yields: ~600
o 920

P. Li

Candidates / [4 MeV/c?] Candidates / [10 MeV/c?3]

Candidates / [10 MeV/c?3]
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arXiv:1805.09418, submitted to PRL
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"LHCb —— Full fit "LHCb — Fullfit
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I e
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1 T
600

700

500

ol B ! L
600 700 800 900

M(AK') - M(AD) [MeV/c?] M(AZK) - M(A) [MeV/c?]
t LHCb —_— Full fit 400—-LLHCb —— Full fit
B \f§_7 8TeV — & - Ep(-EuXn FVs=13TeV — & — Ep(En X

Combinatorial

n bt

3000
200

100

Combinatorial

800
M(Z0) [MeV/c?]

0 600
M(Er) -

| n L
600 800
M(En) - M(E)) [MeV/c?]

A+(E:f)

PV

K '(zt_).."' .

e The missing momentum
estimated assuming a
massless particle
balancing momentum
transverse to the A9 (5})
direction.

e T[he total invariant mass
IS constrained to the
known A9 (Z}) mass.

10



The ="~ properties

= Hadronic mode for mass measurement arXiv:1805.09415, submitted to PRL
M (E ;: *_) — M (Ag) = 6073 :t 20 (Stat) j: 03 (Syst) MeV/ C27 i’;’;es:';f:;m Ebert__Faustov__GaIkin?tgﬂﬁg;u;gv{fﬂﬁi{;obens,F'ervin.
I' = 18.1 & 5.4 (stat) & 1.8 (syst) MeV/c?, = T T
= 6600 - o
M(E;*7) = 6226.9 + 2.0 (stat) £ 0.3 (syst) £ 0.2(A}) MeV/c?, = F 2P _
R - = '_-
Mass peak positions are consistent between the three decay channels = “”";_ 1_D:2'S _=="
6300 Z%7 L _ - -
. . oEEEEEEEEE Bl idainied wl—of TEEES EEEE T
s Production measured with SL modes o RIS
6100 B B - -
Quantity 7+8 TeV 13 TeV bmm :Eb;b - s e
- - 5900 = 1S )
(055-/040)B(Ep"" = ApK™) (3.0£0.440.4) X 1073 (3.440.420.4) X 1073 ssooft. - =
(05;7*_/052)3(5;*_ - 5877:_) (47i9i 7) X 10-3 (22i6i3) X 10_3 Smnizi'il E'EI E'EI L 1'; E'; E'; 7 i'IE E'li E'IE rt i'IE E'IE E'li I'I

2222222222222222222222222222212122

s Dominating systematic uncertainty: background model

m The new state can be either =, (1P) or £, (2S)~

= To distinguish them further information needed (e.g. J°, B)
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Measurement of the lifetime of 2

m Test theoretical approaches, e.g. Heavy Quark Expansion (HQET)
o Higher order effects are important: expansion in powers of 1/m,

o c-hadrons: sizable high-order corrections

o c-baryon decays: W-exchange and Pauli interference [Nucl. Phys. B248 (1984) 261]
larger than in c-meson decays

S
C - S C —
< w . W (ud)
u S
S s S S

= c-baryon lifetimes are not well measured, in particular for 20 uncertainty up to
17%
Front. Phys. (Beijing) 10 (2015) 101406
Riv. Nuovo Cim. 26N7 (2003) 1
_ _ _ _ Proceedings, 3rd Workshop, Marbella,

n Test the popular lifetime hierarchy in charmed baryons. seain, june 1-6, 1993, 1951

Phys. Rev. D56 (1997) 2783
Phys. Rept. 289 (1997) 1
Tgr = Tyt > Tgo >-,f:22 503.51. ﬁ.fc.. Phys. 41 (1985) 120
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Signal and control channels

arXiv:1807.02024, submitted to PRL

= Use b - ¢ semileptonic decays to avoid 2300, LHCD [ e
. . . . <) i 0 e
bias from trigger and offline selections = TR
. o 7+8 TeV '
o Muon trigger gzoo_—
a Tracks well separated from PV s H gt i
| ) _ B LRGN P
= Signal: 25, - 22(-» pK K~ n")p v, X §100-
: + —t Y =
= Control: B-» D" (-» K "™ )u v,X

| | L 1 | L 1 | | | | | |
2660 2680 2700 2720
pK K z* mass [MeV/c?]

Yields:
2%47:978 + 60

(~10 times larger than any previous sample used for 7)
Dtu: (809 +1)x103

(used only 10% of LHCb Run-I data)
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Lifetime fits

arXiv:1807.02024, submitted to PRL

s Fit background-subtracted distribution

obtained with sPlot technique
Nucl.Instrum.Meth.A555(2005)356

= Signal PDF:

S(trec) — f(trec)

\ 4

oxp (-

Binned Template

from simulation
v' Corresponding
to efficiency

trec trec
+ (trec)
Trit Tsim |ﬁ lrec

Correction for small
efficiency different

between data and MC
v Obtained from D™
and used for 2¢

s Check fit procedure with D* events
Consistent with the PDG value: 1040 + 7 fs

P. Li
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Signal yield / 0.02 ps

—
o
~

—_
o
w

LHCb

B—D*u VX

+ Data
Fit

D* decay time [ps]

If without B(t...) correction,
about 1.20 below the PDG value
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Q0 lifetime result

arXiv:1807.02024, submitted to PRL

. . . 2 — —
= Simultaneous fit to signal and control < 150 -HCD Qp>$2op VX
o L
samples S [ +Data
S = Fit
T 0 o, | ~1=69 fs
— = 0.258 + 0.023 + 0.010 1001 + 5 (D)
+ -
@zwimimiz@ 5 |
50_
Tzt > T0o > Tpt > Tg0

= Many cross-checks 0 0z o4 08
o 13 TeV 2016 data 69 + 12 fs (2; decay time [ps]

o An additional D° — K3r lifetime measurement PDG Average —e— LHCb, géw%;x
e nt
= Most theoretical predictions expect Q2
lifetime to be short.(Larger constructive FOCUS[2003] :‘hx ';gg" thla"
o WAB89 [1995] —e— e vaiue
Pauli-interference) o7 1995
x Need more theoretical investigation! —

P. Li HPCOW2018 2 lifetime [fs]
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= Relatively unexplored area, no observations nor
evidence untill 2002

s Mass and decay width to test QCD motivated models

= Baryons with two heavy quarks probe the QCD
potential in a different way than baryons with a single
heavy quark [hep-ph/9811212] @

o HQET: two charm quarks considered as a heavy diquark,
doubly heavy baryon similar to a heavy meson Qq

o Such diquark can be naturally extend to Qqq = ccqq
exotic system

P. Li HPCOW2018 16



SELEX results on £,

= Observation of 51.(ccd) reported by SELEX
o Mass: 3518.7 + 1.7 MeV
o Short lifetime: T(£},) < 33 fs @90% CL, but not zero
0(E&)¥BF (B¢~ ALK m™)
(A}

= Not confirmed by Babar [PRD 74 (2006) 011103], Belle [PRL 97(2006) 162001]
nor LHCD [JHEP 12 (2013) 090]

o Large production: R = ~ 20%

E}. - AFK~m* PRL 89 (2002) 112001 Zcc > pDTm” PLB 628 (2005) 18
N pD'K

o 8 . - % 41 peak mass: [l 4-bin Poisson Prob
L 5 _NS|9 =15.9 6.30 Sas  3516Mev || <64x10"
S 6L SELEX g Lic> 10
e [ H - F.
:f\“g 5 L 25) 4.8c NSlg - J.6
2 4 2 | SELEx
[ _
a2 T 1 ]’ 1 "

2 Tnp A

1 e ] U L | J” JH !

0 :.I | | " | 11 P L | N | P 0.5 H H

- 3.42 3.47 3.52 3.57 3.62 .

. %46 348 35 352 354 356 3.58
P. Li HPCOW2018 M(p D* K) 17



Observation of £/ at LHCb

s Expected to have longer lifetime than =7, higher
sensitivity at LHCDb

s Decay: 57 - ATK~n*nt, B could be as large as

10% [Yu et al., arXiv:1703.09086, Chinese Phys. C SR - AT
42 (2018) 051001] \ d n
> ’
s LHCb 2016 data at /s = 13 TeV, ~1.7 fb"

o 313 £ 33 signals, 120 U 180F e o T T T T T
> "°“F LHCb 13 TeV ]
o 8 TeV data analyzed for cross-check, 7o < 160 F '+ Da 3
m(EF) =3621.404+0.72+0.27 + 0.14(A}) MeV/c? i 1405_ — Total E

‘52'_c+ - K~ T[+T[+/1;.F(—> pK m ) ; ---Background

e e
3500 3600 3700
m_, (Eee) [MeV/ 02]18

P. Li HPCOW2018




Observation of new decay mode =/ - Efnr™

arXiv:1807.01919, submitted to PRL

= Yu et al. also suggest to seach Signal mode Control mode
for 20 (> pK*n™)n™ atLHCb .\ v o pint) £id - K-mtmt A7 (> pK- )
= LHCb 2016 data, ~1.7 fb"’ - ’

m Control mode:
EXt S ATK ntnt

= Similar selections and triggers _

. N,IOOI'”” ] 5\140__'|""|""|""|""|"__
for signal and control modes =[] " + Du = HHED
. g L — Total 5120_— ~+ Data -
o Good PID, high p+ - Ok mook — ol
o TMVA technique 2 40l 2 6of
< <
@) - @) "
[ 40
20 i
i 20
Oll...,JJJJJLx'.:.:"'.;l.l..J,, 0'.1....11111..-#:...“",..J,,,,J.L'
3500 3550 360 3650 3700 3500 3550 3600 3650 3700
m(ES ") [MeV/c?] m(ASFK " nt ) [MeV/c?]
—++ .
Zec Nsig =91 + 20 Neon = 298 + 35
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Observation of new decay mode =/ - Efnr™

_ arXiv:1807.01919, submitted to PRL
m Consistent mass measurements

3621.40 + 0.72 + 0.27 + 0.14(A}) MeV/c? Ert S ASK Tt
3620.56 + 1.5 + 0.4 + 0.3(Z}) MeV/c? S Elmt
LHCb Combined

3621.24 1+ 0.65 + 0.31 MeV/c? S R NN 0

Confirm previous LHCb observation of E;; 3618 3620 3622 3624
M(ZLT) [MeV/c?

s Mass discrepancy with the SELEX measurement(Am=103MeV), too large to
be isospin partners PRD 78 073013 PLB 698 2251-255 PRD 96 033004

= Ratio of branching fractions

BEF - Elnt Ef - pK ™)
R= =(3.54+0.9+0.3)x102
BEF > AK—ntnt; A7 » pK—nt) (3.5 £0:3)

Consistent with prediction [Yu et al., arXiv:1703.09086, Chinese Phys. C 42 (2018) 051001]
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First measurement of =/ lifetime

m A lifetime measurement is critical aerV:1806'0274‘.".a.cc.e.pt,e.d .b.y ,P,R.L.

U ieoF E
- . 1 = (a) LHCb ]
o Test whether it is weakly decaying J = 72 ground state E HOF 4bue s 300 signal |
o Necessary ingredient for theoretical prediction of B wn, 120 T loal ¢ ]
. ) . ) ~ 100F "~ Signa _:
o Important information for experimental exploration of § o Backeround . § y
other doubly-heavy baryons = 6 ; 4 /i R
= o .
o Test various predictions of QCD models S 40 4 P E
20 -
ob o r PSR B
3500 3600 3700
m(ATK %) [MeV/c?]
—~ 800 ———
H Q
= Analysis strategy = 700F ) LHCo 3
: : ~ S +Data 0 ~3400 signal
o Same data sample, event selection as previous Z%* = 60F e b 3400 signa
: 500 _.
observation > Signal
9 400 [ == Background
o]

m  Specific trigger requirement to simplify trigger efficiency

T 300 Rasduh i - : n_'__..‘.‘.‘. ...... ’
determination 'C% 200 Foo
: _ O
o Relative measurement to A - A¥ntn~n~ decays 100
05550 S0 S0

P. Li HPCOW2018 m(Aln~ntr’) [MeV/c?] 21



First measurement of =/ lifetime

s Decay-time acceptance obtained from simulation

= Unbinned maximum likelihood fit to determine life time of £}

t t
€zt o (T=++ T,]g>—> Tpo = 1.470 + 0.010 ps (PDG)

forr(® = frp(®) x " x e \'5

A9 L
‘ Free parameter

D) S T | L R
= 020F - D T
§ - \+ LHS? ] Lé 06E LHCb simulation E
b :_ = s . E E:c+ :
g 0.15: + + 4 A0 50-5? My Efficiency J:
= E Z 04F E
<C0.10 + ] £ + ++ E
005 % v ] 2 0ok E
v—v v % . _V *;
o_oo_— -------------------------------------- " ++++ ------- i S 0.1;—++ ]
T RN 1 C ]

D t1 .
P. Li ecay ime [ps|] HPCOW2018 Decay time [ps] 22



First measurement of =/ lifetime

arXiv:1806.02744, accepted by PRL
= Unbinned maximum likelihood fit to background-subtracted _j;f decay time

distribution
Teot+ = 256+ + 14 fs
t t "‘CC
E~++ _<‘[5++ B ’l'A())
fery®O) =f A9 () X € o A ’ v Fit procedure is verified by toys

v Robust result against many checks

%: Source Uncertainty (ps)
& Signal and background mass models 0.005
g Correlation of mass and decay-time 0.004
Z Binning 0.001
§ Data-simulation differences 0.004
;§ Resonant structure of decays 0.011
2 Hardware trigger threshold 0.002
S Simulated =11 lifetime 0.002
AY lifetime uncertamty 0.001
Sum in quadrature 0.014

0.5 1 1.5 2

P. Li Decay time [ps] HPCOW2018 23



Outline

m Standard heavy flavor spectroscopy
d
d

g

m Exotic hadrons
o Observation of Ay = y.(1.2pK ™
o Weakly decaying b-flavored pentaquarks

0 Search for dibaryon states in /lg — AYppm~ decays
o Search for a beautiful otetraquark in the Y'(1S) u™ 1~ invariant mass spectrum.
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Observation of two pentaquark states

s LHCb has observed two resonances consistent with pentaquark
states

» Amplitude analysis and model-independent confirmation
s This opened a new window of search for heavy flavor exotic states

2200 } . dam
—e— total fit
2000
— —— background
§ 1800 ¢ (@) LHCb —=— P,(4450)
u ' —=— P_(4380)
— §1600 e Aggg(s);
\A/ o, ., FE G Al
S 1400 A(1600)
u v 1200 A(1670)
= + = Y A(1690)
C £ 1000F- (# -3~ A(1800)
s . I I A(1810)
/\ 0 ) C P(: $ 800 .“5!" ~e-- A(1820)
u s ’ -~ A(1830)
b \ u . —a-- A(1890)
d 400 t: ) N
r ) v O it W " W
d 200 2 o
97 1.6 1.8 2 2.2 2.4 2.6

= The nature of P_ are still unclear
s More study and search are needed

P. Li HPCOW2018 25



Observation of Ay - x.1.2)PK"~

= Search for P.(4450)*in A9 —>[Xc(1,z)P]K ~decays
= Test hypothesis of kinematic rescattering effect (If observed signal on
Xc@1,2)P channel => P.(4450)" is not kinematical effect) prp 92 (2015) 071502

m First step: observe the decays, measure B

s Use y.@,2) = J/¥y, constrain J /iy mass to known y.,; mass

@(/12 - Xc1PK™)

B(A) - J/YpK~)

B(AY > x2pK")

B(A) - J/PppK~)

o

~

=0.242+0.014 +0.013 + 0.009

B(Xc])

Events / ( 5 MeV/c?

=0.248 +0.020 + 0.014 + 0.009

/

Next step: full amplitude analysis with more data

P. Li
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[E—
o0
)

160
140
120
100

D B O X©
o O O O

LHCb X2 #
7+8TeV 285 + 23

Az pK
A=y pK
— = Comb.

0
5450

5600 5650 5700
m(;(c1 pK ) [MeV/c?]

5500 5550

PRL 119 (2017) 062001
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Weakly decaying b-flavoured pentaquarks

PRD 97 (2018) 032010

- Skyrme model: heavy quarks give
tightly bound pentaquark [decay width of P,(~6MeV)<< P.(~40, 200MeV)]

PLB 590(2004) 185; PLB 586(2004)337; PLB 331(1994)362

m Search for mass peaks below strong

(a) c
decay threshold B_»_@C}J/\V

. St
Mode Quazk content Decay mode Search window N d Q‘i K
I bduud Pgop — JWKtn p 46686220 MeV PBOp u—>\3 T

I1 buudd Po _—JWK 7 p 4668-5760 MeV U= U
. Abﬂ' d — —_ 3 p

111 bduud PIOPL — JW K~ ntp  4668-5760 MeV
b

IV bsuud ngp — Jhpop 5055-6305 MeV (b) c
= Measure production ratio o - B wrt A) - J /YK ™ p

b
+ S
Py “—Rs}q)
o(pp — PpX) - B(Pg — Jh X) 2 e
d

o(pp — A)X) - B(A] — JWEKp)

R —

P. Li
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Weakly decaying b-flavored pentaquarks

PRD 97 (2018) 032010
= No significant excess of signal over the expected background is observed
- ! 25 N I T 25 : ! ! 6 L] T
_n2F : > oFk © > s (d)
> -_ (a) ; 20 (b) (5} 20 - )
2 1%F Luey 2 f LHOD = | LHCP = LHCb
< 8F «+ 5F > F =
s | i s |t 2 of g’
S 6 2 10f = 10F Z
:'9 4 - b=} r g - o]
S F S F g sk g
g oF s OF O f " o |1
@) . L Il | @) 0 E " | . 0 L0 ||J”“ 1 0
e : : 5000 5500 5500 6000
5000 5500 6000 5000 5500 .
m(J/yK*7 p) [MeV] m(J/yK 7 p) [MeV] mJ/y K 7*p) [MeV] m(J/y ¢ p) [MeV]
s UL of R with 90% confidence level < 1072 — 1073 _ o(pp — PpX) - B(Pg — J X)
o(pp — 4 X) - B(A) — J/ K~-p)
z @ | & ® ] < o
x | l . LHCb X LHCb 1 *x 107F x
8 R ke \‘ i 8 ]
RS i‘ : ‘l‘l . l‘ | ' s ] g :O/
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Search for dibaryon state In /1,, - Afpprt~ decay

_ LHCb-PAPER-2018-005
= Adibaryon state D} [cd][ud][ud] arXiv:1804.09617 submitted to PLB

could be produced in A} decays
to final state A) — pD+(/1 pr”)

QUL OSSR
i =i

- Dé" N pZ'g(/lg'T[ ) or PPC(AZ_TC )  L-Maiani, et al. PLB 750 2015) 37 w= )
DT — AT p
= LHCDb has observed the decay Ag{g > > ‘
d > > /

A - Afppr~ using Run | data

Resonance contributions
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Search for dibaryon state in /12 - Afpprt~ decay

LHCb-PAPER-2018-005

= Ratio of branChlng fractions arXiv:1804.09617 submitted to PLB

B(Ay — Alppm~)
B(A) — Afn—)
= No obvious dibaryon peak in m(A}n~p) spectra

= (0.0540 £ 0.0023 = 0.0032

All signals 2?9 region signals 2*0 region signals
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Search for beautiful tetraquarks

Search for predicted tetraquark state X, 5,5 [PRD86,034004, PLB773 247,PRD95 034011, EPIC77 432]

It should have mass around 18.4-18.8GeV, below 2m(n, ) threshold, meaning that it can decay to Yu*u~
Search with X, 5,5 >(Y(1S)>u*p™) ptu~

Using Run | +Runll dataset, £ ~ 6.3 fb!

o LHCb’s first result using 2017 data! LHCb-PAPER-2018-027
arXiv:1806.09707 submitted to JHEP

~ g e — —
L 2F : : é . LHCb Obs. 95% CL limit
> 20 | . LHCb =~ | 5=7.8.13Tev " Exp. 95% CL limit, median
= 18 g \s=7,8,13 TeV e B Exp. (683%)
o 16 : T 102 B Exp. (95.6%) —
S 14 I’ i ---- 2m(1y) g 107 E P :
A 11 —2m(y(1s
o i (Y(15)) S
- C : —~
S o f S
ER Fi S
SRR e ks AL TR X o)
16000 18000 20000 22000 24000 26000 % T T T S B
17500 18000 18500 19000 19500 20000

2ut217) [MeV/c?
m2u2u”) [MeV/c?] H, [MeV/c?]

No significant peaking structure. Upper limits of cross-sectionxbranching fractions
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LHCDb upgrade(RUNIII)

Runll LS?2 Run Il Run IV LS4 Runs V+

o TR

now 2020 2022 2024 2026 2028 2030 2032
Phase | Upgrade Phase Ib Upgrade Phase Il Upgrade
Triggerless readout at 40 MHz Possible stepping stone Upgrade for HL
| P
gfb~ 50 b~ 300 b~
|« >| <
Belle 2 LHCb may be only dedicated B-physics experiment
50 ab
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Summary

m LHCb has been making important contributions to the knowledge of
hadron spectroscopy

m Exotic resonances have been observed but we still cannot describe
univocally their nature

m Spectroscopy at the upgraded LHCb (RUNIII) is challenging and promising

m More new results from LHCb are stay tuning.
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Physics program at LHCb

= Not only precision measurements in b, ¢ sectors
o CKM and CP-violation parameters
o Rare decays
o Testing lepton universality

a ...

s But also a general purpose detector
o Electroweak measurments: sin 6,, W/Z, top quark
0 [Spectroscopy, exotic hadrons ]
a Soft QCD
o Heavy ions

a ...

P. Li HPCOW2018
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Five narrow

0?0 states

Candidates / (1 MeV)

400

o
)
(=)

200

100

3000

P. Li

3100 3200 3300

m(Z'K") [MeV]

Resonance Mass (MeV) I' (MeV) Yield N,

Q.(3000)° 3000.4 £ 0.2+ 0.1593 45+0.6+03 1300 £ 100 = 80 20.4

Q,(3050)° 3050.2 + 0.1 +0.153 0.8+0.2+0.1 970 + 60 = 20 20.4
<12 MeV, 95% C.L.

Q.(3066)° 3065.6 + 0.1 + 03707 35404402 1740 £ 100 =+ 50 239

Q.(3090)° 3090.2 + 0.3 £ 0.5503 8.7+ 1.0+0.8 2000 + 140 + 130 21.1

Q.(3119)° 3119.1 £ 0.3 +0.9703 1.1£0.8+£04 480 £ 70 £ 30 10.4
<2.6 MeV, 95% C.L.

Q.(3188)° 3188 £5+ 13 60+ 15+ 11 1670 =+ 450 = 360

Q.(3066)Y, 700 + 40 + 140

Q.(3090)}, 220 + 60 + 90

Q.(3119), 190 = 70 + 20
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Search for excited B/ states

o Excited B/ state observed by ATLAS, with mass 6842 +4 + 5 MeV/c?

e Most probable interpretation:
B.(238))" = (B:(1°8,)" = B.(1'Sp) " y)ntn~
BX(28)" — (Bt — B} L
Possibly, a non-resolved second peak:
B.(28)t - B ntn™

18 Q“"=233_:5M°v ATLAS Q,,. =288=x5MeV
> 14 2 {5 =8 ToV Ng,,=35x13
2 = ® Dawa
(=] 12 (=] = Wrongchamge
¥ 10 2 cominasions
¥
TR w

4

2 :

O o~ s | | I | ok

0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
m(B_xx)-m(B )-2m(x) [MeV] m(B,xx)-m(B )-2m(x) [MeV]

In LHCb:
e Search for B.(25)" in the mass window [6830,6890] MeV /c?
o Search for BX(2S)" in the mass window [6795,6890] MeV /c*
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Search for excited B/ states

Candidates / (28 MeV/c?)

Candidates / (28 MeV/c?)

No signal is observed for either state, and upper limits at 90% CL are set on
the production cross sections times the BRs, normalised to the B! production
cross section

Reconstructed M (Bc(23S|)+) [MeV/c?] Reconstructed M (BC(23SI)+) [MeV/c?]

o ‘,": 120F ' 6830 6840 6850 6860 6870 6880 6890 6810 6820 6830 6840 6850 6860 6870 6880
350:— ; [ LHCb 2fb*! g02_"|""|""|""|""|""|""|"_ g021""I""I""I""I""I""I""l
300E 0 100k F=8Tev = [ LHCb 2fv! 1 = [ LHCb2fb! —— B.(2'S)" CL90% 1
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F = f = 0.1F 1 o1 .
150 g F = f ] = ]

E 5 40F C ]
100 F 5 0.05F 0.05 ]

50 z— O 20 :— P .05 1
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M(B/m*r) [MeV/c?] M(B/m*m) [MeV/c?] M(B,(2'S,)") [MeV/c?] M(B.(2'S))") [MeV/c?]
0 0
(a) MLP category: (0.02,0.2) (b) MLP category: [0.2,0.4) (a) AM = 0MeV/c? (b) AM = 15MeV/c?
Reconstructed M(B,(2’S))") [MeV/c?] Reconstructed M(B.(2S))") [MeV/c?]
LHCb 2 fb! ; LHCb 2 fb™ 6800 6810 6820 6830 6840 6850 6860 6870 6790 6800 6810 6820 6830 6840 6850 6860
{s=8 TeV () s=8TeV M0'2l"""""""'"""""""""'L %0.21"""""""""""""""""L
= = ' LHCb 2fb —— B.(2'S)"'CL90% { g - LHCb 2 b —— B.(2'S)" CL 90%
2 ° o s=8Tev - BU2'S)TCLY9S% | S - 5=8TeV ae B.(2'Sy)" CL 95%
g ‘E0.15F \ 1 E0I5F s .
2 = ——B(2S)'CL90% ] = [ . —— B.(2S)" CL90% ]
k= 8 N v BU(2'S)TCL95% 1 5 v v BU2'S)TCL95% ]
= & 01fF 1 £ o0if 3
o] o F g (=% i
= 5 L =] ]
3 r [ ]
0.051 b 0.05 b
0 L C
6600 6800 7000 7200 6800 7000 7200 P R PP PP BN SR SR P ol 1
MBin*m) [MeV/c? MBir*m) [MeV/c?] 6830 6840 6850 6860 6870 6880 6890 6830 6840 6850 6860 6870 6880 6890
M(B.(2'S))") [MeV/c?] M(B.(2'S,)") [MeV/c?]
(c) MLP category: [0.4,0.6) (d) MLP category: [0.6,1.0]
(c) AM = 25MeV/c? (d) AM = 35MeV/c?
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