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» Introduction

» LHCb experiment

» Recent results

- EBvidence for nc(1S)rt-resonance in BO—=nc(1S)K+rt-
decays LHCb-PAPER-2018-034, arXiv:1809.07416

- QObservation of two new resonances in Al systems
LHCb-PAPER-2018-032, arXiv:1809.07752

- Search for beautiful tetraquarks in Y(1S)u+u- invariant-

Mass SPECIrUM  LHCb-PAPER-2018-027, JHEP 10 (2018) 086

» Summary
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Quark Model

8o BsBs 5 Rev.Mod. Phys. 90, 15003 (2018)
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» A goal of QCD is to : - _E

predict -the Spectrum Of E —c - B mesons offset by —4000 MeV . E

strongly-interacting . i P

particles 2 ol Ch et kb _:

, S - ]

» Phenomenological models o0 - ’

developed to overcome L j
limitations of lattice QCD CTr P kg w0 Noay = sy = o0

(LQCD) calculations G, S

» Hadron spectroscopy

(o]
L]

provide important anchor AR
noints for both LQCD
calculations and ey
phenomenological models A
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Nonstandard (“exotic”) hadrons

Rev. Mod. Phys. 90, 15003 (2018)

(@) (du-ud)V2 (du+ud)/v2

» |dentify patterns in hadron Q‘;—;:?@q‘-;'?:
spectroscopy beyond (ggQ) ¢ o DU
paryons and (gg) mesons to '
nelp development of F N S T o
theoretical models @--3-'---@ @D b€

» Pentaquark baryons and

tetraguark mesons already

mentioned in original Qell— @ > Y G ke
Mann, Zweig formulation of fro0,. Ay
quark model (1964) O . AN

. meson-antimeson meson-baryon

» Different models proposed molecule molecle
for quark composition and © @
ninding mechanisms of Gc | Gc
“exotic” states — e
hadrocharmonium adjoint charmonium
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New “standard” hadrons at LHCDb

> T
» Discovery of five narrow S 400¢ .
excited ()0 states S +
Phys. Rev. Lett. 118, 182001 (2017) £ 300F ; :
S {
§ 200__ ‘ “ g il b ghATLERAL At ; 4 y
,  Discovery of doubly UL
charmed baryon =cc** 14 -
Phys. Rev. Lett. 119, 112001 (2017)
0

- Observed also in =c*1t+ 3000 31000 3200 3300
m(Z'K") [MeV]

final state |
Phys. Rev. Lett. 121, 162002 (2018) S 180 1HCH 13 TeV E
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New “exotic” hadrons at LHCDb

- (b)

» New pentaquark candidates in O B
J/LIJ p SyStem 800k~ — background

= P,(4450)
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Phys. Rev. Lett. 115, 072001 (2015)
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» New tetraguark candidates In
J/Wo system
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Phys. Rev. Lett. 118, 022003 (2017)
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| HCb experiment
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| HCb physics program

CKM and CP sin2B, ¥, ¢s, [Vu/Veo|, CPV in BO.
0 N0 . .
violation t%ik DO, b-baryons... See D. Hills

B—=utu-, b—=sptu-, b—sete-,
2+—=putu-,...See K. Mueller’s talk

Tetraquarks, Pentaquarks, =cc++, QOc*,
Spectroscopy Eb_*,.(.:l. . T
Electroweak 70, W+, top, Dark photons, Long-
QCD, Exotica ived particles, ..
lon, Fixed- Heavy ions, p-Gas, nuclear effects, ...
target See G. Graziani's talk
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| HCb detector at CERN

Tracker Turicensis (TT) T Stations
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| HCb data sample and plans

LHCb Current — Upgrade | ——» Upgrade I—

N

2.3 . 2018 (6.5 TeV): 2.19 /b
: 2017 (6.5+2.51 TeV): 1.71 /fb + 0.10 /fb

)12

5 o227 =
= £ - o
T 21 e 2016(65Tev): 1.67/b 29 20— 300
> 2015 (6.5 TeV): 0.33 /b (=] - *?
'g 1.8 ] e 2012 (4.0 TeV): 2.08 /b ' 7 E 18— i 4
2 2011 (3.5 TeV): 1.1 /fb Fg —250 £
= 1.6 2010 (3.5 TeV): 0.04 /b a 16—: - §
= : : c — = -
A : 'e 14— 7 ©
eo) g -] —]200 3
8 - 12— — N - &
> -~ = (7)) (7)) 7 >
§ ........................................................................................ = 104 - - —150 £
o . ]
5 07 T 8] L 100
= 6 -
: € :
§ ................................................................................................................................................................. - Ts0
v 2—] _
hl:;ov h f 0_: il T B 1 L1 1 L1 'R L 1 L1 1 | .
onth ot year 2010 2015 2020 2025 2030 2035
Year

» Collected >9 fb-1in 2010-2018. Major detector upgrade
during LS2 (Upgrade |- 2020). Aim at 50 fb-1 before 2030

» Major detector upgrade during LS4 (Upgrade |l - 2030). Aim
at >300 fb-1 after 2030 - ....

See O. Steinkamp’s talk
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Recent results
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Evidence for ne¢(1S)r- resonance

Search for Ne(1S)r-resonance in BO—=nc(1S)K+m- decays
<
e s

» Important input for understanding nature of exotic hadrons, In

particular of Z¢(3900)- state (J/W 11~ system) discovered

by BESIII

- hadrocharmonium model = nc(1S)r- resonant state m= 3800 MeV

- quarkonium hybrid model = ne(1S)11- resonant state JP=0+, 1-, 2+

m= 4025, 3770, 4045 MeV

- diquark model = nc¢(1S)r- resonant state JP=0+and m<3770 MeV

13
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Signal yields 50112016 data - 4.7 o

2.100 BO—=n(1S)K+11- decays

30.000 BY—ppK+m- decays

> F | | - | T :
(D) B —4— Data i [ ; .
= 2000 LHCD — Total PDF - ﬁ 3000 : +?a:a1 DR LHCb ]
o f W S ppK'T ] 02500 =0 . =
N - 2% B > ppK*n 1 = - BB — n(1S)K n .
\1500—_ _Bg_”)FKﬂLK_ ] wzooo__ %BO—)J/WK+7T_ -
s f Foppmr 3 ZTUE LB s ppK e (NR) ]
= Y Y Combinatorial i ,.g " pp :
% 1000 [~ background = 1500 = B
= B . c - .
< - 1 <1000 —]
© 500 (S’ 1 © - -
: ...................... . 500 :_ _:
052 525 53 535 54 () [Rnenantaem— et reevessasesd
m(ppK*7-) [GeV] 2.9 3 3.1 3.2
m(pp) [GeV]

» PID from RICH detectors is crucial for signal selection
» Reconstruct ne(1S)—pp decay mode

»  Use BO—=ppK+ri- decays as control sample and BO—J/WK+rt-
(J/W—=pp) as normalisation mode for BR measurement
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Amplitude analysis of BO—=n(1S)K+11- decays

= - ! ' ! 1 >0
> L |
»  Study Dalitz plot of 3 S o . 7
pseudoscalar final state [N :
particles: m2(K-t+), m2(ner-) 2 150
. é‘f sk 10
» ncnatural width [ ~32 MeV st .
taken into account i 1o
» Isobar model to describe the e —— T 0
decay amplitude: coherent mA(K*77) [GeV?]
sum of resonant K-+ and
non-resonant processes K-ttt resonant contributions

Resonance  Mass [MeV]  Width [MeV] JP Model
K*(892)° 895.55+£0.20 47.3+£05 1- RBW

» K-+ S-wave with LASS model

| o K*(1410)° 1414 + 15 2324+21 1- RBW

»  EXotic Zc——ncrt- contribution K;(1430)° 1425 =+ 50 270 £80 0t LASS
added to improve the fit to K3(1430)Y 14324 +1.3 109 +5 2t RBW
dat K*(1680)° 1717 + 27 322+110 1~ RBW

dla K:(1950)° 1945 + 22 201+90 0t RBW
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Model with only K-+ contributions

E 5005_ @ t LHCb_é AL ﬁ,# | LHCb
g 400 - E 120 + +’i _
g n ] < -
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é\lﬁog—'(c')' S #LHCbﬁ —— Data ——TowlPDF  —— K (1680
= 140 H f - * |
§ 1201 + +ﬁ E . Combinatorial bkg H%— K (892)° K (1410)°
g 100} H; t E
<5 80F t 4 o | E B® - ppK*m (NR) bkg K*m- S-wave K(1430)"
g oof +*+$**&$'#ﬁ+' ¥ T "
S U S g E
201 .ﬂh.j %ﬂ] Y N Discrepancy in m(ne(1S)m-) distribution
03 35 4 4.5 s\at 4.1 GeV
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16 Heavy Flavour Spectroscopy at LHCb %



Model with K-+ and nc¢(1S)rt+ contributions

S 500F I <R
2 = (a) t LHCb > 140F ' | | l
g 1 2 0k
S 400 = 120f
— - - N 1()():
2 300F s = P -
— N - D] [
= 1 5
-§ 2()():— A ‘: _g 6();
“ loof = S 40p
' n 20 |
005 1 1.5 2 0=5= " s r
+ . .
m(K*7m) [GeV] m(n (1S)K*) [GeV]
> 16()E © & LHCb | Data Total PDF — K (1680)
= 140 |- ++ + ~ ‘ .
S 1ok gl 1 B Combinatorial bke K (892)° = K (1410)°
2 100F # ﬁ = -
g gl t bl # + . 5 B’ - ppK*m (NR) bkg K*7 S-wave K ,(1430)"
S 80F #& 4 E
i - it . ® Py . _
O 40F * =
20 3 S N
IR [ :\zc (4100)— significance 4.80 (stat only)
3 3.5 4 45 5

m 971GV 3P — 0+ and 1- both consistent with data
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B0—n(1S)K+

- results

LHCb-PAPER-2018-034, arXiv:1809.07416
submitted to EPJC

» BR measureme

- dominant error from external branching fractions

nt B(B’—nKn")=(573£0.244+0.134+0.66) x 107*

»  Amplitude model results

Amplitude

Fit fraction (%)

Branching fraction (107°)

BY - . K*(892)°
BY —s 5 K*(1410)°
B’ — n.K*r~ (NR)
B® = K (1430)°
B® s n k3 (1430)°
B® — 1. K*(1680)°
B® — 1.K; (1950)°
B® = Z,(4100)" K+

51.4+1.9 17
2.1+ 1.1 T
10.3+ 1.4 +19
25.3 +3.5 133
414 1.5 7
2.2+20 112
3.8+ 1.8 114
3.3+1.1 112

295+ 1.6 + 0.6 *12
1.20 + 0.63 + 0.02 4 0.63 £ 0.14

5.90 £ 0.84 £ 0.11
14.50 = 2.10 + 0.28
2.35 £ 0.87x=0.05
1.26 == 1.15 %= 0.02
218+ 1.04 £0.04
1.89 £0.64 =£0.04

+0.57
—0.69
+2.01
—1.60
+0.57
—0.92
+0.86
—0.97
+0.80
—1.43
+0.69
—0.63

+ 3.4

+ 0.68
+ 1.67
+ 0.27
+ 0.15
+ 0.25
+ 0.22

» Evidence of exotic Zc+(4100) resonance (3.40 including
sys errors). Mass and width measured as:

M- = 4096 -

\f/ INFN  Nicola Neri

=20 T8 MeV

18

I',- =152+ 58 T8} MeV
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https://arxiv.org/abs/1809.07416

Beautiful baryons

» Bottom baryons are composed of a b quark
and two lighter quarks (bqq’)

-----------------------

not observed

(udb) Zl‘f = (uub)

A3

Thelr study is relevant for understanding the
dynamics of constituent quarks
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Observation of two resonances in Aplt* systems

» Use copious sample of
/\b_’/\cﬂ_[_ : /\C+—>pK‘T[+

» /\p candidates within +50
MeV of mass peak are
combined with a prompt
pion

»  Nprt—and NpTT+
combinations are then
studied

\r/ INFN Nicola Neri

LHCb-PAPER-2018-032, arXiv:1809.07752
accepted by PRL

No-/N\ctT1- sample, 230k evt

> 30000 F
O [

Candidates / (5 M

20

&4 LHCb

A) = At
1 - piEvve
. R —— Part. Reco.

¥{  SEEEEEEEIIIL Combinatorial —:

550 5600 5700 5800 5900
m(Am) [MeV]

2011-2012 data - 3.0 fb
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Observation of two resonances in Aplt* systems

, ~ 2200 ——————————————————
4 Flt the Q_Value % 2000 ‘, LHCb
o , = 1800 (a) A’z
distributions 1600 ) 4
_ 2 1400
Q=m(NpTt=)-m(\p)-m(TT) g o
| == 1000
»  The 2p*, 2p™*signals S Z, = M
. - 0
are obvious 400 il
200/ AR T Background
\ O ] L . L 1 ] ] ] L ] L
» Precise measurements 0 50 100 150 200
: QO [MeV]
of masses and widths R
22000 LHCb
1800 ‘ (b) A07Z'+
< 1600 b
State Qo [MeV] I' [MeV] Yield % 1400 FYNE P .
by 56.45+0.14 5.33+0.42 3270+ 180 g 1200 ‘
i 7554 +0.17 10.68+0.60 7460300 5 1000
T S 800 It Ant
5 51.36+£0.11  4.834£031 3670£160 § ' b=
ot 71.09+£0.14  9.34+0.47 7350 = 260 200 B - A
200 A 00 T Background
0O 50 100 150 200
Q [MeV]
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Observation of two resonances in Aplt* systems

» Fit the Q-value by o
distributions S oo (a) A
Q=m(NoTt=)-mM(A\p)-m(TT*) gi‘z‘gg Bt b

. := 1000
» The 2p* 2p*™*signals S 800 Z, > A
' = 600 B - A
are obvious 400 py A
- Y Background
\ O ] L . L 1 ] ] ] L ] L
» Precise measurements 0 50 100 150 o Vz?o
' C
of masses and widths R
% 2000
Quantity Value [MeV] = 1800 ‘ (;)JHAC;));
- =
m(Z_) 5815.64 + 0.14 4+ 0.24 <
m(2;") 5834.734 0.17+ 0.25 2 1200 PPRPOYSES U
m(X,") 5810.55+ 0.11 & 0.23 -;:1000 0
(2**) 5830.28 &+ 0.14 + 0.24 S 288 £ - A
(X)) 5.33 £ 0.42 £ 0.37 400 W oA
( _) 10.68 &= 0.60 &= 0.33 ) AN Y Background
INOIAY 4.8340.31+0.37 Y S— T T S——
() 9.34 & 0.47 + 0.26 O [MeV]
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Observation of two resonances in \p

[+ Systems

Observation of two new states
>p(6097)- and 2p(6097)+

Local statistical significance of
12.70 and 12.60

Mass and widths measured as

Quantity Value [MeV]
m(X,(6097)7)  6098.04+ 1.7 & 0.5
m(X,(6097)7)  6095.8+ 1.7 + 0.4

['(X,(6097) ) 289+ 42 + 0.9
(£3(6097)") 31.0+ 5.5 + 0.7

4

INFN Nicola Neri

In the heavy-quark limit, five
>u(1P) states are expected.
New olserved structures
compatible with 1P excitations

23

Candidates / (6 MeV)

Candidates / (6 MeV)

LHCb-PAPER-2018-032, arXiv:1809.07752

2011 2012 data 3 0 fb 1

450 P Ag (I;HA(E)b
*_ C T
o DAV X LS
- I g
200 I, 0097 > Ay PRLBLLS
»soE - Background o g t
200 &
150
100
50
O & |
0 200
I | ! !
450 ot A LHC0b+
400 B oA d) Az
350
200 .2(6097) — Art } i
r50 ---Background S N ¥ Y] ¢
200 ..,:@‘
150
100
50 £
O & ] ] L )
0 200 400 600
Q [MeV]
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Search for beautiful tetraquarks

2011-2017 data - 6.3 b

Distribution of m(u+p-): clear

»  Predictions for X(bbbb) R
tetraquark in the mass region Y(19), Y(2S), Y(3S) signals

[18.4-18.8] GeV below NpNo
threshold

x103l

LHCb
\s=7,8,13 TeV

» Predicted cross-section
X(bbbb)— 2u+2u-of 6(1 fb)

» Search for X(bbbb) in the
Y(1S)uty- invariant mass 0 Eeestieeee

: : . 9000 -160061-\ — .11000
distribution 1) [MeV/e)

Candidates / (20 MeV/c?)
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Analysis strategy

NoNb threshold Y(1S)Y(1S) threshold

~ 24

» Retain Y(15) candidates is 2.50 ”§ 22 _ : ' R
window for m(2p+2u—) fits é) ?g I \s=7,8,13 TeV
- 16 59 . . .
»  X(bbbb) searched in the mass = }‘21 I !
window [17.5-20] GeV 2 108 :
5 8
»  Muon candidates with & ) it lgi’ ' Hl
< : -
p€[8’5OO]Ge\/’ pT>1 Gev © (2) L |t El,l : ndi“.mmmlmm--m‘.ti:#..ﬁfEE’
Y(‘] S) . 16000 18000 20000 22000 24000 26000
g — PTHT USed as mQu2u7) [MeV/c?]
normalisation mode for cross- ZissET T T T T 3
section measurement S 154E Simutation :
b>< 1.53; ]
»  Typical X mass resolution in the 112
range of [60-70] MeV. Scaling b
factor wrt Y(1S) mass Laf
resolution from simulated data 148E

18500 18600 18700 18800
H, [MeV/c?]

/iﬂi"f \
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Upper limits on X(bbbb) production

LHCb-PAPER-2018-027, JHEP 10 (2018) 086

. . - Obs. 95% CL limit
} ll\lo Slg n |flcant exceSS i I{EHEE;, 8, 13 TeV ======= Exp. 95% CL limit, median
in X mass range oL — o _

17.5-20] GeV

» Limits on X production
Cross-section are
statistically dominated

o(X) x B(X) x B(Y(1S)) [fb]

9 9 o1l . 45 4+ 1 45 4 4o 1 4 45 4 1 4, 4 4
17500 18000 18500 19000 19500 20000
i [MeVi/c]

»  Set upper limits on S:
S=oc(pp = X)xBX =711 nu) x B(Y(1S) — puu™)

»  Upper limits on X production cross-section ©(10 fb)
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Summary

» |LHCDb keeps producing interesting
results in heavy flavour spectroscopy,
also discovering new exotic states

- Evidence for new tetragquark candidate
Z:+4100)—=ncrt-in BO—=n(1S)K+- decays

- Observation of two new resonances in NApTi=
systems: 2p(6097)- and 2p(6097)+ states

- Upper limit on production cross-section for
X(bbbb) tetraquark set at ©(10 fb)
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Backup slides

£ INFN  Nicola Neri 28 Heavy Flavour Spectroscopy at LHCb %

&P



L HCb Upgrade detector

ECAL

Muon

HCAL

SciFi EcAL HCAL M4 M5
M3

SciFi ~ RICH2 M2
Tracker —

hmlflﬂ;
|W u

VerteX/
Locat/ r/

\

\

s, el )
NS

-

upgrade

»  Major detector upgrade during Long Shutdown 2 (LS2) in 2020
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