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2011 : 1 fb!
- 2012 :2 fb'! | l

| O -
2016: 1.7 fb /
2017 : 1.7 fb-!
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2010 2011 2012 2013 2014 2015 2016 2017 2018
Year

Int. J. Mod. Phys. A 30, 1530022 (2015)

Large o(bb) @ LHCD in the forward region 7
and efficient hadron trigger

Unprecedented samples of b,c-hadrons
for spectroscopy of prompt & secondaries

Low pile-up and excellent IP resolution V Excellent resolution of B and D vertices
15 + 29/pT(GeV)
Low pr tracking and superb PID v Efficient high multiplicity final state
doun 1o -300 eV reconstruction

Good momentum uncertainty V
0.5%-1% @ 200 GeV/c

2 Trigger strategy:
+ LHC: pp bunch-crossings [| | MHZ]

+ Hardware: HCAL, muon information [ | MHz]
+ Software: Full event reconstruction [O( 1) kHz]

Precise signal resolution wrt backgrounds
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vy - Starfield Mall Libaky
—xcited baryons N

Observation of a new
—p resonance

arxiv:1805.09418

1TeN g TeV \3 eV

1fo-1 + 2 th1 4+ 1.5 b
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arXiv:1805.09418

Properties of baryonic multiplets give insights into their
iInternal structure

Observation of two new =,  baryon resonances PRL114062004

A burg eOﬂ|ﬂg f|e|d Observation of a new Z; baryon PRL108252002

Measurement of the properties of the =;° baryon JHEP05161

Expect spectrum of radially/orbitally excited states;
only A,(5912)" and A,(5920)° discovered

Hadronic channel Semi-leptonic channel

N Good resolution for mass/width N 10-20 times larger BFs
I Missing’ energy



arXiv:1805.09418 Had roniC Channel

Small IPy?* wrt PV

Large IP;(2 wrt PV

U Particle ID

U pr>500MeV/c

pr > 800 MeV/c U

7.90 local significance

% 8000F- | HCb — Full fit % 400[-LHCb —— Full fit
0 + - —
> | \s=13TeV — Aj—ALT 2 [ is=13TeV —— 5,(6227) = Al=Ax K
> - Combinatorial § Combinatorial
— 6000 @
8 2
CU -—
© 4000 3
o o)
C
@ &
© - o
2000

I_ 1 1 1 l 1 1 1 2 " 2
5500 5600 5700 5800 500 G(l)o 700 800 900
M(A:7) [MeV/c?] M(AJK ") = M(A]) [MeV/c?)

Properties [ 12 = 6226.9 +2.0 (stat) + 0.3 (syst)  0.2(AY MeV/c?

- New E,(6227) state with {rs (7 = 18.1 £ 5.4 (stat) + 1.8 (sys) M MeV/c

- Main systematics from fit model and fitter bias
- Consistent with expectations for Z,(1P)~ or E,(25)” 7



arXiv:1805.09418 Semi-leptonic Channel

Large IP;(2 wrt PV
Particle 1D
(E} specific open-charm PID vetos)

[] pr> 1GeV/e

Missing momentum estimated for massless particle balancing momentum transverse to
the A(E,) direction, such that the total invariant mass matches m(A%(Z9)

Small IPy?* wrt PV

pr > 0.8(0.9)GeV/c []

.+ addmonal BDT to suppress
S Y combinatorics

" LHCb Full fit
\5-13 TeV —— Z,(6227) = AY—AIu X)K
Combinatorial

_8

~LHCb Full fit

\s_13 TeV —— Z,(6227) = Zp(»Z X)x
Combinatornal

Candidates / (4 MeV/c?)
g
T
rr S

8
o
Candidates / (10 MeV/¢?)

500 PR | m m 2 o N M 6!& A M M aw
: M*(AZK") = M*(A}) [MeV/c?] M*(Z2x7) - M*(ZD) [MeV/c?)
Properties

- Mass consistent with hadronic channel

. . ' ' ' background model
Signal significance ~250! T T 7

- Relative prOdUC’[IOﬂ rates writ A (_‘ R(AJK™) 3.0+£03+04 3.4+03+04 8

.d7r) 47T+10£7 22+6=+3

Dominant systematic:
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Precision charmonium

Precise measurement
of ¥, and x., resonance
parameters

Phys. Rev. Lett. 119 221901

7TeN g TeV \3 eV

1fo-1 + 2 th1 4+ 1.9 b




PRL 119 221901

Quarkonia production/properties allow important QCD tests
Potential models can be compared to the spectra
Non-rel. eff. field theories allow calculation of prod. rates

Follows observation of y. 1, = JiweTe™ by BESII s

Sle[=l0ji[0)aMl Clean 4.~ signature at a hadron collider

Trigger on any muon, then
T require consistent with J/yr

,Lt Run Il data-taking (full online
reconstruction) allows removal of
— cut pr(J/w) > 3GeV/ce

n € [2.0,4.9]
PID to reject hadrons/electrons

Re-fit candidates,
constraining J/y mass

Momentum scale calibration

Use J/w —» u"u~ and BT —» J/wK™* samples
Validate with K — #tz~, w(2S) = J/yn*n~, and w(2S) — u*pu~
Accurate to 3x10-4

10



PRL 119 221901
Fitting |§ Fit m(J/ywu™u™) with a relativistic Breit-Wigner function

convolved with double-Gaussian resolution model

— _|_ —_—

. m(Jlyutu") ] e S.Pl.Ot, mu*pu )I | _
L ML N PP, g £ LHCY ® yis Sout
e 2z s+ O Xeo = Jpptn™ 3
< 2000F LHCb fit result = 2|§ g g
5%/ 18001 R — gdiﬁ J/f” T _ 75— E
g 1600:— ----- ackgroun E 6;— _;
é 1400F- 5E =
g 1200 - -
= 1000; E T4 E

IOOO: 33_ + —E
-f J. Models from E
1§ PRC 61 035206 -
0§ T . §
: 355 0.2 0.3 0.4 0.5
2nd order polynomial ., s+, GeV] m(p ) [GeV]
Properties m(xe) = 3510.71 + 0.04 £ 0.09 MeV, my, c‘l)g In context
m(Xez2) = 3556.10 & 0.06 £ 0.11 MeV, oNTR
mxe) — mixe) = 45.39 £ 0.07 £ 0.03MeV,
. "BES. —
Comparable to world’s best precision CBAL
New future avenue for LHC spectroscopy: Lich s
High-precision production rates o 5 6 007
VV|” measure \/ery |OVV pT()(c) New avg: 3510.67 £ 0.06

i
3508 3509.3 3510.7 3512
m(y_) [MeV] 11

Probe transition form factors of this and heavier states



SSA

Bongeunsa Temple

Search for beautiful
tetraquarks in the
Y(1S)u ™ invariant-
Mass spectrum

arXiv:1806.09707

1TeN g teV 3TN

1to-1 + 2 fo-1 + 3.3 fo-




arXiv:1806.09707

Since 2003, over 30 exotic hadrons discovered cCqi

Most are tetraquarks/pentaquarks around 4 GeV/c? .= =/ »
. . ccqq q
No exotics found with >2 heavy quarks

e.g. arXiv:1710.02738

Recent predictions for X,;,» state: m(X) € [18.4,18.8] GeV/c*
... most below 1,1, threshold, so could decay to Y£Z £~

Normalise to Y(1S) — u u~ Trigger based on muon p, pr

’u_|_ and dimuon vertex quality
Four muons forming a .
good vertex, consistent PV & Y (1S) U Cliicfl }r?fel;;}%a“ty P
with the same PV //t_ p € [8,500] GeV/c
— n € [2.0,5.0]

Ny Fiducial volume: mQut2u™) € [16,22] GeV/c?
yQu2u") € [2,4.5]
pr2u2u™) < 15GeV/c

x Exclude clones amongst m(utut) > 220 MeV/c?
utuTand u—u~: ¢ > 0.002 rad

Exclude J/y : m(uyp~) 2 [3.05,3.15] GeV/c?

13




arXiv:1806.09707

Fit m(utpu~)and mQ2u*2u~) inthe 7,8, and 13 TeV data

X — Y(lS )//t ,u
& a 24 T
= > 2E 1] LHCb
o O 20 : | :
= T Y: R R \s=7,8, 13 TeV
2 1 2 e |
o o 16 E I
g SHRCE A D
P 2 ol 3]
2 8 :
3 < :l"‘ ||'| i
2 2 i o
> < 2 : !' l | :vi»‘! \ ’ l
~ o 0 ) | |, l n i"'ﬁ.amu|ml""'..“.:.::::..:t,:f"!-"
16000 18000 20000 22000 24000 26000
Expon. bg shape m(uu”) [MeV/c?] Expon. bg shape m(2u2u7) [MeV/c?]
Power-law tails fixed
from simulation Slgnal mean free
norm

No significant excess
Largest deviation 2.50 (local), above 7,1, and Y(15)Y(1S)

14
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arXiv:1806.09707

S= o(pp = X)X BX — Y(AS)u p )X BYAS) = p*pu™)

Parameterise the X, z,7 signal yield using S:

Acceptance & selection effi

S

o(pp = Y(18)) X B(Y(1S) = p*u™)

€sig

EalCﬂjll

ciencies from MC
PID efficiency from calibration ¢

ata

Statistically dominated; systematic uncertain

uncertainty on o(pp — Y(15))
Proflle Ilkellhood I|m|t

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

-~ LHCb
L Vs=7,8,13TeV

10 £

Obs. 95% CL limit
=== Exp. 95% CL limit, median

B Exp. (68.3%)

Exp. (95.6%) —

—a
17500 18000

i [MeVic?)

'y mainly due to

PR I S T N S I T AT ST SR N ST S S
18500 19000 19500 20000
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SSAL

Bongeunsa Temple

-

Observation of the
decay A(b’ — Atppr™

arXiv:1804.09617

77N g TV

11 + 2 foT




arXiv:1804.09617

- Search for charmed dibaryon resonances
- Could manifest in A? - p + [cd][ud][ud] "7 = 052 MeV/c?

P . decays to pZl or pP (ii[cd][ud])

Trigger: independent of signal
or one displaced, high prtrack

then displaced secondary vertex

Normalise to A} - Afzn~

High IPy?
Vertex quality () PV Minimum p, pr requirements
requirements H Strict PID requirements

Further background reduction obtained by employing a BDT
N with a range of kinematic and topological inputs.

x Explicitly veto BO — D+7z and BO — DJr ,ppr~ cross-feeds.

Suppress Clones W|th requwement on opening angle between
tracks with same charge.

17




arXiv:1804.09617

- Unbinned M.L. fit to sighal and normalisation channels
A) = Nippr~ A) = ANirn~

3
— ook L T T T T T T T T T ] ~ >_<10 | T T
N — — 9|
J - LHCb $ Data . L - LHCb ¢ Data
> N () ] > 20 (b) — Total -
é) 150 __ :'.'\“ I Total _' é) : ..... Ag_) AC T :
ﬂ- B ~1000 :: “'. """ AZ—)A+ppjz' 7] lq 15_ 167k "'Ag—)/‘c:p_ _-:
~ C . : ¢ v B - = Ay—AK ™ ]
E 100 candidates | F\ = N candidates Background
§ N ] ; § 10
: 5
g 50 - = 5
O SRR 5 @
C LA LA Fy O
O ...........

. LT P T S 3
5550 5600 5650 5700 0 00
(AP -) [MeV/c?]

m(AZ 7 7) [MeV/c?]

Well-isolated part. A p~  Well-confined A7 K~
reco. background mis-ID background

First observation of A} — Al ppr™:

| B(AY — Atppr)
| — 0.0540 £ 0.0023 £ 0.0032.
| B(A) - Afn)

Main syst: MC model of material interactions 18



arXiv:1804.09617

Resonant structure

- Unbinned M.L. fits to Afz~ mass spectrum
: Relatlwstlc B W S model 2(*>0 convolved with resolution fn

Lok 59 n 10 LHCb * Measure B.F. ratios

E 40 C 71+  Dominant systematics from aspects of the sig/bg shapes
- ¢ Data

T 30 — Total 1 |

% - 0 Background J f B(AO — Eopp) X B(ZO — A+7r )

£ of l X, By i B 5 o) — 0.089 = 0.015  0.006,

:é ; T | 104 + 17 ----- 2:0_”‘:7[_ : B(AO %0 —) Bc(z*o AT ) 3

S 10F 1 b 7 2 PD) X c AT :
- | ) = 0.119 + 0.020 £ 0.014.

© B(AY — Afppr—) ‘

O Y .3.‘ - R AT AT S Tt S i i i Rl i i s St st s

9500 2600 2700
m(A* 7 -) [MeV/c?]

Exotic structure?

Consmler the sWe|ghted Af7"p spectrum: no significant peaks

"""""""" 6—|""|""|'— L I L B

PRI DT N £ o
AL ] I AT )
w‘***”” I T

3500 4000 4500 3500 4000 4500 3500 4000 4500 19
m(A 7 p) [MeV/c?] m(A 7 p) [MeV/c?] m(A 7 p) [MeV/c?]
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Wide range of searches for standard and exotic
states achieved with the versatile LHCb detector '

Many more to come (multi-open-charm final
states in B decays, new prompt searches)

Full exp
adaS We a

- First-fruits of a rich harvest already at hand:

Conclusion & prospects

oitation of the Run 2 data well underway,

oproach LHC LS2 in a few months’ time

10° 300

see also talks by Andrii, Daniel(1,2), Jibo(1,2), Paolo(1,2),

A(3872) Integrated Luminosity [fb] [k
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https://indico.cern.ch/event/686555/contributions/2960197/
https://indico.cern.ch/event/686555/contributions/2986873/
https://indico.cern.ch/event/686555/contributions/2963137/
https://indico.cern.ch/event/686555/contributions/2963138/
https://indico.cern.ch/event/686555/contributions/2960200/
https://indico.cern.ch/event/686555/contributions/2960198/
https://indico.cern.ch/event/686555/contributions/2960196/
https://indico.cern.ch/event/686555/contributions/2986893/

