Heavy flavour spectroscopy
and exotic states at LHCb
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LHCb detector and performance

The LHCb detector described in JINST 3 (2008) SO8005

VELO: RICH: ‘MUOH System ‘ ® 2 < n < 5range: ~ 25% of bb
primary vertex PID: primarily K, separation rs inside LHCh "
impact parameter // s \\ pairs inside acceptance
displaced vertex SPDPS 1y M2 ek
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e Calorimeters: 6, [rad] 2
Tracking Station: p for Tracking Stations: PID: h,e,y, n°
lower energy tracksand long || p of charged particles Tx 6; [rad]
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/PY¢por Dim~

Momentum: Ap/p = 0.4~ 0.6% (5 - 100 GeV/c)

Mass : 0, = 8 MeV/c? for B — J /X (constrainted my )

RICHK — m separation: €(K —» K) ~95% mis-ID e(r —» K) ~ 5%

Muon ID: e(lu—->pn) ~97% mis-IDe(r - u) ~1—-3%

\_ECAL: AEJE =1 @ 10%/./E(GeV) J
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LHCb detector and performance
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Bg oscillations with BS — D K/ ID efficiency and misID rate ;"= mass spectrum

- 14— ~ f'”z ...... — -
E i e Tagged mixed g N LHCb O O ALLK-m)>0 ; 400 A T(1S) LHCb
g - o Tagged unmixed © 12 Vs =7 TeV Data o m ALLK-7)>5 EJ E ﬂ :
< 400 g Fit mixed i 1%_“ g 300p- -
g | e Fit unmix F T h‘muo O 3 - ]
S i Fit ed 0.8 3 200:
k= i ER
5 200? © 100k
: |
o : - - y e ooooo . [
decay time [ps] “ * I\:gmentu;? (MeV/(:;)0 000 00 10000 ]0?,?&, [Mewlc]l?oo
[New J. Phys. 15 (2013) 053021] [EPJ C73 (2013) 2431] [PRL 111 (2013) 101805]
Int. J. Mod. Phys. A 30 (2015) 1530022
mmpact parameter: orp =20 pm \
Proper time: o, = 45 fs for BSO - J/Yeor DS+TC_
Momentum: Ap/p = 0.4~ 0.6% (5 -100 GeV/c)
Mass : 0, = 8 MeV/c? for B — J /X (constrainted my )
RICH K — 1 separation: €e(K - K) ~95% mis-IDe(r » K) ~ 5%
Muon ID: e(lu—->pn) ~97% mis-IDe(r - u) ~1—-3%

\_ECAL: AEJE =1 10%/,/E(GeV) -/
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= Advantage at LHCD:

o Huge b-production cross-section
o(pp > bbX) ~ 72 pb @7 TeV ~ 144 pub @13 TeV in LHCb
acceptance PHYS. REV. LETT. 118, 052002 (2017)

o Can also access AY, BY, BY
BO:A.:B, = 4:2:1

s Disadvantage at LHCb:

o Efficiency of one track ~50% (not good for
large number of finial states)

o Inefficiency for K9, A%,y

[LHCb, JHEP 08(2014) 143]
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LHCDb collected luminosity

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018
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a(pp - bEX) ~ 72 ub @7 TeV vs = 144 ub @13 TeV in LHCb acceptance
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Two methods for spectroscopy

= Direct production in pp collisions = Production by a B or D decays
0 EXF QL > EK o X(3872) JP
0 Z(4430)
o All excited B, &) = E,m; 4,K 0 X(4140) ...
o P.(4450), P.(4380)
Q D(S)J
g, T
Mg g:E Aj
PV PV
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Discovery of pentaquark states

PRL 115, 072001 (2015)

= Two pentaquark states observed in 26,000 A} — J/YpK ™~ decays

L. Zhang
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New analysis efficiency increased by 90%

m Gain from loosen PID and use them in MVA

Data period Total Signal Signal Yield background

Yield in 5605-5635 fraction
A > JypK- MeV

Run1PRL  (27.3+0.2)-103 | 25.8-10° (5.6 + 0.2)%
Run1inew  (52.7+0.3)-10% | 50.2-10° (7.1 +0.2)%

2015 (8.840.1) - 103 8.3 - 103 (5.5 + 0.4)%
2016 (57.24+0.3)-103 | 54.4-103 (6.1 +0.1)%
2017 (60.14+0.3)-103 | 57.4-103 (6.0 +0.1)%
2018 (43.440.3)-103 | 41.6-103 (6.1 +0.2)%
Run2 (169.6 +0.5)-103 | 161.7-103 | (6.0 +0.1)%

Run1+Run2 (222.2+0.6)-10°| 211.9-10° (6.3+0.1)%

8 x larger data sample than used in 2015 PRL paper !
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Cabibbo-suppressed decays

s Find the same P/ in other channels is helpful to understand the
production mechanism and internal structure

s A} - J/yYpr~ is Cabibbo-suppressed w.r.t. J /yYpK~
= [wo production mechanisms predicted:

b-c b - u & cc from sea quarks
a
) T K@) K=(m)
W U 0
b —>» £ U W

Ag[u - g P+ Absz ; u
d >— Q U ¢ d( =: @Pc

d- ) -

R B B(/lg - n_PZ')
KT B(A° > K-PY)
[Cheng, Phys. Rev. D 92, 096009 (2015)] [Hsiao, Phys. Lett. B 751, 572 (2015)]

= 0.07~0.08 R./x = 0.58 £ 0.05
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/lg — ] / 1I)p7T_ decays PRL 117, 082003 (2016)
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Nucleon excitations

= >10 lower signal in A) = J/ypr~ than in A} - J/ypK~

m But more complex because of possible Z; — J/Yynr~
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Full amplitude fits to A} — J/ypm~

= Significance of P.(4380)", P.(4450)%, Z.(4200)" take together is 3.1 o including
Syst.

m First evidence! PRL 117, 082003 (2016)
2 P*?

< ] ' ' ' | ' i ' ' ' ' ' I /
S ' —=— Data —~ 250 —————— A
Q02 _a) LHCt:I ——— RMN"+Z+2P, | % b) LHCb st r‘n/ 8 Gev]
i BV okl Wi Sl | = 00 Do
& e P.(4380) ] \8_/ 3
B eeoene Z,(4200) g
o | ©
$ 10} 18

: IS s

n 00%00¢’ |

! ....-°°"""”" 4 |

1 L |_E'| J !l% : :l\'J - :‘I |

—h
—
ol
\
N
ol

L. Zhang M(p mt) (GeV) 11



New analysis

= New analysis expect to have ~10,000 signal
= If can do independent Pc fit without inputs from A} — J/yPpK~?
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Observation of &, — J/PYAK™

m Strange pentaquark (udscc) predicted in [PRL 105, 232001 (2010)]
m Can be searched for in the =, decay [PRC 93, 065203 (2016)]

-4 Data LHCb

b > > E}J/'l,b 40-_ — Total fit _-
W— C --- Z, signal LL J
YK~ e
cr AO 1 U o omb. bkg
b () <.
4 —> — d}Awm)
S > > S
(u) (u)

Ny, =308 +21(2lc)  PLB 772 (2017) 265-273

Candidates/(6 MeV/c?)

fe- B(E; — JyAK™)

B o I = (4.19 £ 0.29 £ 0.15)x10°2
A} b Y

~, S .
. - A nly [l 3

Expect ~1700 signals, amplitude analysis  ; -3;,,;;;+;£+#+ﬂumw,‘;m%quhg
is In good progress P L N——_
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Observation of Ay - x.1.2)PK"~

= Search for 2.(4450)"in A9 e[)(c(l,z)p]l(‘decays

= Test hypothesis of kinematic rescattering effect
PRD 92 (2015) 071502

m First step: observe the decays, measure B
s Use y.1,2) = J/Yy, constrain J /iy mass to known y.; mass

PRL 119 (2017) 062001
6(/12 > xaPK™) \

B(AY - J/YpK~)
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Other P, channels

s Other LHCb ongoing YH Lin, CW Shen, FK Guo, BS Zou, PRD 95, 114017 (2017)
activities: Widths (MeV)
o Hadronic: A) - A} DK~ P.(4380) P (4450)
o J=1/2 P} in A}) - n.pK~ Mode — Dxi(y) D'%(7) D) D'EGF)
=" D*A, 131.3 35.3 72.3 20.5
- A  J/yp 3.8 16.6 16.3 4.0
0 Gene_rlc pentaquarks: [bqqqq] & DA 5 10 ny 8
and [€qqqq] N 0.06 0.07 0.07 0.2
XeoP 0.9 0.004 0.02 0.002
) : Nep 0.2 0.09 0.1 0.04
= From non-hadron collider ot U 05 014 03
expenment; wp 5.3 0.6 0.5 0.3
Dz, 0.01 0.1 1.2 0.8
o yp = J/Yp, mp = J/Yp D 7.7 1.4
4+ - — DACJZ 11.6
0 ete (Y) - J/ypp Total 144.3 69.9 139.8 46.4

Preferred interpretations
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Expected yields with full Run1+2 data

s Reference channel with optimized selection:
Nrun1+2 = 200,000 4y > J /{pK~
Nrun1+2 = 8,000 P.(4450)" - J/¢p

Channel Efficiency B Eff x B P.(4450)
A} - J/PppK- 1 1 1 8000
A = J/ppr™ ~ 60% 8% 5% 400?
A) > AFDO°K~ ~10% | 5(P)x4% 2% 200?

A) - AFDMOK~ partial
rec.

A > y.apK- ~ 12% 8% 1%

~10% | 5(P)x4% 2% 200?
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Ongoing LHCDb analyses for exotics

L Tetraquark 2126 signal events
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Belle, PRD 78, 072004 (2008)
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ANY SUGGESTIONS ON EXOTICS?

LLLLLLL



=, baryon spectroscopy

= Numbers of excited b-baryons have already been discovered

0, m—pt ’
a LJl)(ESQ)ZlE;) hdb T [(:TV453 ’|:2] b s
o Z;° not yet observed gy, | 1/27 | L
| 3/2% | 1@
PRL 108, 252002 (2012) PRL 114 (2015) 062004 JHEP 05 (2016) 161
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o el IR z
;-,.12; Background E 100 E_ E
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§ 8f g - )
TF ef o z “F N
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o) 2wl i W L Jandil 0 ol AR uﬂ‘:}":a_‘“w ‘§-\\“\dt&f;a\\\\§ t\*\\\\ \\\I’.\
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MJ/YET*) - MJIWE) - M(rt) [MeV] _ -
M(Eym~) — M(E)) — M(m™) [MeV/c] M(E,m*) — M(Ey) — M(nth) [MeV/c?]
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Observation of a new =

H**

~b

state

s Hadronic 4} - A}n
o Resolution: 2 MeV
o 7.9

m Semileptonic (SL) (new method)
A - Ap=Xv,
o Resolution: ~18 MeV

o Yields ~15 larger
o 25c

o Semileptonic (SL)
) - Afu ~ XV,
o 9.2¢
AT #05

L. Zhang

Candidates / [10 MeV/c?]

Candidates / [4 MeV/c?]

Candidates / [10 MeV/c?]
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LHCb L Fkpp - YV..BRRAREE N ?

PRL118, 092001 (2017)
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Excited charm from B semileptonic decay

™ L
r° .
R) m
Z ps)
% 191. &
% Y/

s We have B - D°uX; Dt uX; Dt uX; AfuX; 5FuX

» We can add any tracks to them, to form excited charm
a for example, AT - D% 2860, 2880, 2940
o A.(2860)* was just observed in 2~

S )
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S
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0 0.\ — .
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[JHEP (2017) 2017, 30] O ]
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Excited 2, states from pp production

s LHCDb observed 5 narrow states (+ possible one wide one) in 2017

m Belle confirmed the first four states this year

PRL 118 (2017) 182001
T T T | T

PRD 97 (2018) 051102
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B? - X(3872)K n* to search for X(3872)m*?

m B(B° - X(3872)K n*,X(3872) » J/Yyn*n™) = (7.9 + 1.4)x107°
m BB > J/Yyn rnt) = 4.0%x107°

IRB:E

m Ry = % (two more tracks)

= Run-1, N (B® - J/Yyr~n*)=18,000
s Expect ~3000 BY - X(3872)Kn*
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Charmonium under DD* threshold
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