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LHCb detector and performance

The LHCb detector described in [JINST 3 (2008) SO8005]

VELO: RICH: Muon System | ® 2 < n < 5range: ~ 25% of bb
primary vertex , PID: primarily K, separation
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lower energy tracksand long || p of charged particles T 8, [rad]
lived Ve reconstruction that traverse the magnet
[Int. J. Mod. Phys. A 30 (2015) 1530022]
mmpact parameter: orp =20 pm )
Proper time: o, =45fs for BY > /¢ or DI~
Momentum: Ap/p = 0.4~ 0.6% (5-100GeV/c)
Mass : o,=8 MeV/c2 for B - J /Y X (constrainted m]/ll,)
RICH K — 7 separation: €(K > K)~95% mis-IDe(r » K) ~ 5%
Muon ID: e(u->w) ~97% mis-IDe(r > ) ~1— 3%

\_ECAL: AE/E =1 @ 10%/.,/E(GeV) J
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LHCDb collected luminosity

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018
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o(pp - bbX) =~ 300 pb @7 TeV vs ~ 500 pb @13 TeV
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Two methods for spectroscopy

= Direct production in pp collisions = Production by a heavier particle
o Combine a heavy flavour hadron decay
with one or more light particles o Usually with amplitude analysis
o Pros: High statistics, in principle can a Pros: Low background, Better
study all states determination of J°
o Cons: Large combinatorial o Cons: Low cross-section, limited
background, hard to determine J” states and limited J
PV PV
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Outline

= Excited heavy flavour baryons

» Lifetime strangely charming baryons

m Charmonia and Charmonium-like exotics

= Heavy baryons with hidden charm
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Excited heavy flavour baryons
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Bottom baryons

BOTTOM BARYONS (B = 1)

A = udb =0=usb,5_=dsb,[2;=ssb

» =b
Ag 1/2+ *k Kk
Ab(5912)0 1/2— *k*
Ap(5920)° 32
Zb 1/2+ *kk
ZZ 3/2+ *okok
2 (6097)"
Zb(6097)_ KKk
E-g, E[; l/2+ KKk
E,(5935)" 1/2*
E5(5945)" 30+
Eb(5955)_ 3/2F Xk K
517(6227) * Kk
Q; 1/2+ *kk
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/lg excitations in /lgﬂ'-l_ﬂ'_ PRL 123 (2019) 152001
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/lg excitations in /lgﬂ'-l_ﬂ'_ PRL 123 (2019) 152001
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Two new A) excitations  enw1zs oo 15200

Y :. My, 60 = 6146.17 % 0.33 £ 0.22 + 0.16 MeV |
o e | iy My, sz = 615251+ 0.26 % 0.22 + 0.16 MeV |
Cyome = 21 £08 +£03 MV,

A,(6146) -

Ny, 6152)0/ (5 MeV)

A, (5912)° A,(5920)°

Inw Tt
AO

b 5620 MeV udb

Ny, (6146)0 /(5 MeV)

Magrt (GeV] w9 |nterpretation as neutral XY states cannot be excluded
Different coupling to the X, and %,
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¥, spectroscopy: Observation of X;,(6097)*

[PRL 122 (2019) 012001]
s /Y - AFn~ combined with 7t from PV _ . -
7 450 PNy - LHCb
E 400 .le)_—w:gfr § Agn‘
« Fit: relativistic BW convoluted with § oz Waon e B
resolutions of 1.0-2.4 MeV 3 2s0p T gt AETR
2 200 St 2,(6097)” [bdd
150
Quantity Value [MeV] _ o
m(2,(6097)7)  6098.0+ 1.7 + 0.5 . L A,
m(X,(6097)7)  6095.84+ 1.7 4+ 0.4 2 SE Lo R
T(5,(6097)7) 2894 42 + 0.9 S5 TR Y.
['(X,(6097)") 31.04+ 5.5 + 0.7 5 asof ~Beckeowd gt
§ 20 #Y 5, (6007)" [buu

100 4
Z7 and X;T parameters are measured, b 44 ‘
A
0 1 L N 1

5x more precise than the previous CDF values 0 200 200 600
Q [MeV]

Mengzhen Wang 12



Observation of a new =, (6227)~ state

[PRL 121 (2018) 072002]

m Reconstruct ._4** - AgK_ and 51(9)71'_ g s, HOP — Fii "
2 0 Do
o Hadronic (HD) and Semileptonic (SL) decays for A9 2 K (HD) i
o SL decays for 2 - 5fu=X7, :
w00, 2 7M(()A°K) 8((1)\3 [MeV/cg?o
. . ) ,
= With hadronic mode oADK (SL) oo
M(E57) — M(A)) = 607.3 + 2.0 (stat) £ 0.3 (syst) MeV/c?, 8 st P S
I = 18.1 £ 5.4 (stat) & 1.8 (syst) MeV/c?, 8§
M(E7*) = 6226.9 & 2.0 (stat) & 0.3 (syst) £ 0.2(A7) MeV/c?,
Mass peak position is consistent between the three decay channels T I (AIOIII(ﬁ)t e
E 300; "'bn- (SL) )mbln&t;{;lu X
g 200?— } b +++ I
The most massive baryons observed so far! s |
. 2l N
engzhen Wang 400 600 800 13
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Theoretical explanations

m 5,.7(6227)" is good candidate for 1P 5/2- or 3/2- state
= ¥, (6097)* is good candidates for 1P 5/2- or 3/2- state

6.8 I P

"/
=p :b

3S

6.6}

S 6.4f
(5}
@)
k=
2 6.2}
g
=
6.0f 2;(5955)"
18
55(5935)"
E,(5795)"
5.8} 1S—e—

Ebﬂ

[Bing Chen et. al. PRD 98 (2018) 031502(R)]

Mengzhen Wang

16.8

16.0

15.8

Mass (in GeV)

6.6f

6.4}

A
o

o
=)

5.8

5.6f

several states?

Or superposition of

3S
3s QP==
1D
2P _—
2S
1D 1P ]
2S ——
Z5(6097)
Ap(5920)°
1P =8=
Ap(5912)° T3(5835)"
1S
3,(5815)"
Ap(5620)°
1S—e— Ay ]

[Bing Chen, Xiang Liu PRD 98 (2018) 074032]

16.6

16 .4

16.0

15.8

14




Excited 2, - £ K~ states, prospect for 2,

m LHCb observed 5 narrow states (+ a possible wide one) in 2017

m Belle confirmed the first four states this year
[PRL 118 (2017) 182001]

—_ —— T T Resonance Mass (MeV) ' MeV) Yield N,
> - _ Q,(3000)° 30004 + 0.2 £ 0.1703 4540.6+0.3 1300 + 100 + 80 20.4
§ 400% LHCb —  Q.(3050) 30502 0.1 4 0,170 0.8+02+0.1 970 + 60 + 20 204
- — . 1.2 MeV, 95% C.L.
— - tEK . § Q.(3066)° 3065.6 4 0.1 4+ 0.3103 ) 354+04+02 1740 £ 100 + 50 239
g - — Full fit 1 Q.(3090)° 30902 + 0.3 4 0503 87+1.0+08 2000 + 140 + 130 21.1
- r + --- Background Q.(3119)° 3119.1+0.3 +0.9793 1.1+£0.8+04 480 + 70 + 30 10.4
ﬂ"c; 300'_ Feod downs ] Q,(3188)° 3188+ 5+ 1% e Igg)el’lgssf SL 1670 + 450 + 360
S i EZ7 sidebands 1 Q ,.(3066)21 700 + 40 =+ 140
e L i Q,(3090)0, 220 + 60 + 90
= 2001 - Q. (3119)} 190 + 70 + 20
@) L
I Analogical search applicable to b-sector
100
2, - '*7+K_ 1M (3fb?) 1000-2000
0; - & K‘ 0.02M (9fb 20-40 (scaled
3000 3100 3200 3300 b
—t g [PRL 113 (2014) from charm
m(ZK") [MeV]
032001 (3fb™1)] result)
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Surprising lifetime of strangely charming baryons

Playground for Heavy Quark Expansion (HQE)
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2! lifetime

[PRL 121(2018) 092003]
m HQE: lifetime hierarchy A measurement by LHCDb
Tgr > Ty > Tg0 > To = Measure lifetime ratio
= 7,0 considered smallest due to T
: .. roo = —
constructive Pauli interference 2T T
[Nucl. Phys. B248 (1984) 261] = Use b — ¢ semileptonic decays 2; —
0,,—5 + =
c s Qcp~v,Xand B - D u v, X
S ) W(ud) . . %103
L 400 LHCD + Data % | LHCb -+ Data
S % | — Full fit o % | —Fullflti
= [~1000 T T 220 800x10% { § e "
. . . \\., I g L .
= High order corrections in HQE allows gz ™ S owdata)f L oo
inverted hierarchy [hep-ph/9311331] S Femled N Mt 5
T 100 2
" Tpo =69 112 fs [PDG] from small S §
statistics, consistent with predicted a0 B
hierarchy pK K n* mass [MeV/c?] K z*m* mass [MeV/c?]

Mengzhen Wang Signal ~10x any previous sample 1



2! lifetime

[PRL 121(2018) 092003]

& [ LHCb B—D*u vX
QAl
O nt Dat
-10%E + Data
" = Fit
s
Q0 |
2 |
g 103,_ ai
D - "Ma,
DT+ =1042.0+ 1.7 fs ¥
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0 1 2 3 4
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8 [ LHCDb Qi X
S +Data
E i - —Fit
2100 | --1=69 fs
s |
=)
%)) ,
50
0
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04 06
? decay time [ps]

Simultaneous fit signal and control samples

T_Q(c)

=0.258 +0.023 + 0.010
Tp+

@268i24i 10 + 2 (r@

~4 % larger than PDG value
Precision 9.7%

New hierarchy:

Z! (PDG) ——e—
AL (PDG)
=9 (PDG) —o—
@ (PDG) —— —— @ (LHCb, 2018)
0 200 400

lifetime [fs]
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Lifetimes of A}, £ and £? at LHCb

[PRD 100 (2019) 032001]

Same analysis procedure as for

the {22 g‘ L LHCb B~ D*u X ga - LHCb A% AL vX
Tpr =203.5+£1.04 1.3+ 1.4 fs, o tom | S +0ata
Tt = 456.8 £ 3.5 £2.9 £ 3.1 fs, g g

) Bl nh
Tzo = 1545 £ 1.7+ 1.6 £ 1.0 fs,
+ ’_'+ . . 0|I'||1II'I2|I+'I.’|3"|II4 ()_II'0|.2I'IO.|4IIIO.|6+II IO!S'III1

m A7, ES consistent with world D" decay time [p] A: decay time [ps]
average o - LHCb =99 ZhuvX =+ LHCb =5 50X

= 3.30 tension for =2 = |3 M

210°F =

= Confirms the new hierarchy: ¢ ! 5

I 10°F

Tz > Tpo > Tyt > Tgo ol . B
g tged 112 003 L T e T e o
Z decay time [ps] =0 decay time [ps]
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Charmonia and Charmonium-like exotics
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The cc spectrum at LHCb

—_
(e}
=

t pKE 3 o Hy S
B+ - ppK - = LHCb 1 ¥(3770) .

. . — 2 0 15 =
F}rsjt obs?rvatlon of n.(2S) - pp _en 7.(15) v || yaoms
Limit (95% C. L.) on x.,(3872) — pp 5 ol o tnas ]

5 ‘ i :“'"":' f“I.l‘"'l A g R At

B(B™ > XK' )XBX >pP) __ 4 554102~ I EETTTTET QT CREER Ve i E
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1 1 1 L 1 L L L L | L L |

[PLB 769 (2017) 305] M, [MeV]

U AR R S AL
Inclusive charmonia to ¢¢ i 15005_ _
from B decays =k ]
First evidence of BY - ¢¢p¢ S 1000 -
[EPJ C77 (2017) 609] 500
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New narrow structure X(3842)

[JHEP 07 (2019) 035]

andidates /(5 MeV/c?)?

= Promptly produced D*D~ and D°D° candidates selected for the near-
threshold spectroscopy studies

Run 1+ Run 2
-1
2.0M 3.6 M 9 fb

\Partial reconstructed|

X(3872) IIIII|II|||||||||||||

Lp(3770)

s

| 1 D°D° LHCb

3500_ | | DtD-
Xc2(3930) or + X(3915)
|

3000
\ 4

2500

Candidates/ (2 MeV/c?)

2000

1500

Candidates/(5 MeV/c?)?

1000

500

IIII|IIII|IIIIIIIIIIIIIIlIIIIIIIlII

wo
~
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New narrow structure X(3842)

[JHEP 07 (2019) 035]
m First observation of X(3842), very narrow
= Mass and narrow width suggest it is spin-3 y;(1°D;) state
= Under DD* threshold, only missed one is 1., 'D, (27*) state
= y(4S)

— 12005 DOBO l|:|X(:;Isf12) o bkg Y LHI b E § 4400 -

‘§1000:— total —: =, mmmms  Soocs WI(ZD) ----- T

g 8005 ; E 2 4200f seeee pamm

% 600*fl’mm\\’i*wﬂwu:.ﬂmo,w‘u,'s,&M',o,‘.,hi,ﬂ’f‘.'s,;”hﬂ_‘ f*ifo@’mw,u m““u;‘u’,ﬁ“;H’o.ﬂ'm'”sﬂ’,m,’.*ﬂé § ves

2 w0t X(3842) = wo0f T XaZP) .

~ 2005 ¥ = - r= v{D) DD” y(13D,)

2 . 3 3800 U= DD added

< 6o DD first observation = s)reY)

3 + " 3 3600F7  papkUP

E :zzgﬁ'HﬂH‘HM*N*{HQﬁQ“mh*‘*“w‘mM’“WHM}#H#L‘H _____ F“}}( A‘*}*ﬁ#ﬂiﬂm‘*ﬁh' H++:q'*’mm*ﬂ.'wﬁg : - ;

2 200E- Likely 3 34001

c 100? W(13D3) state é [

38 381 38 38 384 385 586 381 3200:_ Jy(18)  T. Barnes, S. Godfrey, and E. S. Swanson
(Gev/e] 30001 Phys. Rev. D 72, 054026 (2005):
M == 384‘2.71 i 0.16 i 0-12 MeV i ISO 3SI IP1 3P0‘1.2 l])2 3D1.2.3 lF3 3F2_3_4 1G4 3G3A4~5
['=2.79+ 0.51 + 0.35 MeV
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Charged exotic mesons with hidden charm

All Z states have at least ccqg quark content

4600¢

4500 F
4400F

4200F
4100F

4300F————— —

T
7.(4430) T=181MeV 3

Z.(4200) T=370MeV 1

7.(4020) T=13MeV

4000F S~ 4po*pe+

3900

Z.(3900) I'=28MeV

3800F

3700k

Mengzhen Wang

M T
from Y(4260) in B-decays

with pion spectator with kaon spectator

Z(4100)? T=152MeV NEW!

E D()D * -

All Z. observed so far have JP=1*

LHCDb has an evidence of
Z.(4100) — n.m that cannot be 1+

Tightly bound tetraquarks?
m Far from thresholds
m Large width

Hadronic molecules
m At 2-body thresholds
m Narrow
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Evidence of Z.(4100)” in B - n,

n K™

[EPJ C78 (2018) 1019]

Candidates / (2.4 MeV)

s L=47fb~1, run1 + 2016 data
= 2D fit to m(ppK *n ™) and m(pp) distribution Ny, = 1870 + 74

100

80

60 |-

40}

j—f— Data
[ — Total PDF
-’ > n(1S)K*n

- --= Combinatorial
I background

20}

| —B° - pPK*nr-(NR)

53
m(ppK* 1) [GeV]

Candidates / (3 MeV)

305
m(pp) [GeV]

295 3

m Dalitz plot dominated by K*(892) signal
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EVidence Of ZC(4100)_ in BO - ncn_K-I_[EPJ C78 (2018) 1019]

Candidates / (40 MeV)

500 F S | > S P
- 3 0 % MWOE (o .* LHCb |
- = 140F = ok * ‘* E
400 = g = g 1
g < 1204 < of + + Hﬁ + =
300 F 8 100 £ 3 5 + E
- § 80; § -
200 F S sk e
r 8 o 8 B
100 | 402
- 20 F =
C - wat gmmm.I L 1T - s ) ) )
’ 0 0735 4 4.5 5

m(K*7-) [GeV] m(n (1S)K*) [GeV]
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EVidence Of ZC(4100)_ in BO - ncn_K-I_[EPJ C78 (2018) 1019]

Candidates / (40 MeV)

P @t Loy § 2 % & LHCh | 3 OF (o | LHCb ]
- = 1401 | 4 = kb + *’ E
400 F o F H o 120F .f ]
E — Data o TowlPDF = K680} I 120F ."“‘".." al ° = I :, + + —:
- 1= - ; }# =~ 100} + +H i .
0f | Wemeens o G g 1001 #*ﬁ it 1 8 wp f E
» E B’ = ppK "7~ (NR) bkg Ekw S-wave K5(1430)° E _c.z 30 % #*i + 5 **.¥ .:: 0+ 7; _g |
I Z,(4100)” — .-o [ N .. . "0 - . —]
- 1S 60 - +#+ + %+ + """" - :%
B O 4f 3 t 14 © E
o * *tow’wz*’« st 43a0e E 20F . T . =
E o gt e, ] F o : E :
003 1 15 2 - 03~ 35 4 o 45 5 0735 4 45 5
m(K*7-) [GeV] “rni(n (18)70) [GeV] m(n (1S)K™) [GeV]
Adding a JP = 1- resonance in 1.7 with Systematic effects on significance
my, = 4096 + ZOt%g MeV FZ =152 + 58tgg MeV Source A(=2In L) Significance
. : Nominal fit 41.4 4.8
improves fit by A(—2InL) = 41.4 (4.80) i ’
Fixed yields 45.8 520
; Phase-space border veto 44.6 510
P - + p
JF =0t is also allowed by the data e width %6 6 130
K7~ S-wave 31.8 390
Background 27.4 340
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Heavy Baryons with hidden-charm
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Tetra and pentaquark candidates (3fb-1)

: : 0 “K+ i BT - J/PpK*
= Confirmation of Z(4430) B” > P(2S)m K™ without 24430)_
N/‘\ — T T ' T T T T T T T ] T _ g
[PRL 112 (2014) 222002] 200 e '/ ] g™ LHED
S Z 100 X(4700)
. 8 i é 80
= Observation of two 2 500 1" o
charmonium pentaquarks : | 0
=}
< L
[PRL 115 (2015) 072001] R 3 IR e N F
0 . 16 18 o 20 o 22 0 4104200 4300 4400 4500 4600 4700
. : m?,- [GeV?] my,,; [MeV]
m Evidence of exotic 10 e T
contribution in Cabibbo- ~ b~ J/¥p R
3 800 E N
suppressed decays I b 3.k O LHOD
%600 [ ++ Data L(o) 30%- w/ exotics —
[PRL 117 (2016) 082003] & M, L Fit < st E
(11 500 H‘r ++rm4wﬂ= . % ) .
400 ,ﬁ' m EZOE‘ "'-:g w/0 exotics 7
= Observation of four J /¢ wf b P50 Ty O J[
structures i % Pt
100 FOW: s AN . k:g;;;\ ot T ]
[PRL 118 (2017) 022003] ol R ) R e
my .y, [GeV] m,,,, [GeV]
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Update /12 — ]/‘/JPK_ (3+6fb-1) [PRL 122 (2019) 222001]

— 3000

- 5 s F
. An order O_f m_agmtuqe 52500:— (@ LHCb Run1l E 8005— (b) Run 1 LHCDb
Increases in signal yield S F [PRL 115 (2015) 072001] | = E
€ 2000F 2
o Inclusion of Run2data (x5) 2 . data 2 0
o Improved data selection (x 2) " F — phase space sook.
1000 3
5005 2005—
m Consistent distributions e e a0 2o 2 e
between old and new M (GVI Mryp [GEV]
S | o
samples Lo e 3
g ': Run 1+2 §
= More structures appear ~ Feoo o [PRETISEOI9072000 )
"
1000}~ ;\\
‘J/ o\

N | | L| e ‘ T L L L L L
Mengzhen Wang 0776 T8 2 22 24 26 O 4i s 78 o
my, [GeV] Myp [GeV]



Narrow structures

[PRL 122 (2019) 222001]
=D’ P
Fine binning reveals s = :
= -
= New narrow structure at m = 4312 MeV %1200: —data | LHCb
s Peak at 4450 MeV splits into two peaks %1000}: baokground
Fit 1D m, yy,, distribution 8 goof
m Significance of two-peak structure vs one-peak % cook
hypothesis at 4450 MeV: 5.4c = T Al o
= Largest systematic uncertainty: unknown 400?# IS S
interference terms ok Paasta) { )
J¥ measures and information of P.(4380)" ; ‘\ WA
i . . 4800 4250 4300 4350 4400 4450 4500 4550 4600
require amplitude analysis My MeV]
Broad P. (4380) iS State M [MeV | I' [MeV ] (95% CL) R [%]
neither be confirmed P.(4312)F | 4311.9 £ 07758 | 98+27F 3T (<27) | 0.30+0.077058
nor excluded P.(4440)* | 4440.3 £ 1.3%41 | 20.6 £4.97,57  (<49) | 1.11£0.3350%
P.(4457)" | 44573406741 | 644207 %] (<20) |0.53+0.16%015
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Prospect for pentaquarks

[PRL 122 (2019) 222001]
D’ tD*0
m Regardless of the binding mechanism, the S = =
new pentaquarks suggest the existence of A S LHCb
a whole new family of such particles §1000E e groune
= Alot of open questions: € gool- '
a JP, mode decay modes,...? % cook
o hidden-bottom pentaquarks? = W AP W i
= An incomplete list of decays for pentaquark U gy Py sy
I 200 :
studies v B - J/¢yppr* v A > AID°K- ; A A‘A

v Y(1S) - ] /ypp

v BY - ] /ypp
v' B - J/ypA

v' Prompt J /Yp, ] /YA, Yp

v A - npK-
v Ag _)XclpK_
v 5; - J/PYAK™

Mengzhen Wang

v Ay > AFD*°K-

v A) - ADK*

v A) - AFDS P

v A - ]/ pprtn K"
v A) - ZHDK-

v Ay~ ]/ pAd

v AY - ]/ pAn®

] N~ i 1 —
4800 4250 4300 4350 4400 4450 4500 4550 4600
m,.,, [Me

Similar strategy
for tetraquarks
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Expected yields in future

LHC ERA > HL-LHC ERA -
3 bt +6 b 23 b 50 bt 0t m  LHCb is now boosting the
2011-2012 2015-2018 2021-2023 2027-2029 2031-.. data to a new level
Run1 Run 2 Run 3 Run 4 Run5... o Expect to 7x more data (14x
Current LHCb LHCb Upgrade 1(a) LHCb Upgrade 1(b) LHCb Upgrade 2 hadronic events) by 2029 than
> p current, half of these by 2023
o Could have another 6x
increase from Upgrade Il
LHCb
Decay mode 23fb=t 50fb~t 300fb~!
BT — X(3872)(— JipmtrT ) KT 14k 30k 180k | ,  (3872) lineshape from multi-channels
Bt — X(3872)(— ¢(2S)’7)K+ 500 1k 7k
B ¢(2S)K—nt 340k 700k ANIW  z.(4430), also explore B > D{;)D (K2
Bf — DFDDY 10 20 100 Doubly-charmed tetraquark 7}, — D D°
A — JpppK— [*] 680k 1.4M 8M
5’;_ . ;}ﬁpp AK- Ak 10k 55k More information for pentaquarks
Ect+ — AjK_W+7T+ 7k 15k 90k
E;_ — Jhp =T 50 100 600 [*] updated according to the latest result
C
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Summary

s LHC is a heavy-quark hadron factory

m Precision measurements: properties of charm and bottom ground-
state hadrons

s Exploring meson and baryon excitation spectra
= Studying exotic hadron spectroscopy

= Large (. lifetime
= New charmonium state X(3842) compatible with 5(13D3)
s Update analysis: 3 new pentaquark candidates

Mengzhen Wang 34
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Introduction

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

m Hadron spectroscopy provides opportunities to test QCD and its effective
models
a e.g. lattice QCD, diquark model, potential model ... @@
m Exotic hadrons provide unique probe to QCD —— @
o Predicted in quark model
o Recent results show strong evidence for their existence

STANDARD

EXOTIC

mesonic
molecule ? tetraquark ? pentaquark ? hybrid ?

e.g. deuteron

Mengzhen Wang 36



Q! lifetime result

[PRL 121(2018) 092003]
[l " [ w - .
= Simultaneous fit signal and control samples 2., LHCb Q>0 vX
p— g +D.ata
< = 0.258 + 0.023 +0.010 s [ ot
D+ =100 ;
@268 +24+10 +2 (r@ 3 | + (PDG)
< 2 5 ;
4x larger than PDG value ? sl
Precision 9.7% I
m Systematic uncertainties on lifetime ratio

o Dominated by MC size (0.0098)
o Background subtraction (0.0019)
o Decay time acceptance (0.0013)
o Physics background (0.0008)

s Many cross-checks

o 13 TeV 2016 data
o An additional D° - K37 lifetime measurement

Mengzhen Wang

o 02 o.g 06
69 + 12 fs € decay time [ps]
P

| PDG Average @Cb, Q> VX
Qs pK K 7+

FOCUS [2003] -e-
WAB89 [1995] —eo—

E687 [1995] —C—

0 200 400
Q7 lifetime [fs]



Observation of £ from two decay modes

s Expect £f} (ucc) has
higher sensitivity at LHCb
due to longer lifetime
[larger B and higher

efficiency]
[Yu et al., arXiv:1703.09086, CPC 42
(2018) 051001]

m Observed two suggested

decay modes

o Reconstruct Af and =}
(singly Cabibbo-
suppressed) by decay
pK~nmt

o e(AfK mntnt)/e(Efnt) =
0.110 due to two more
tracks in former decay

Mengzhen Wang

Candidates per 5 MeV/c?

1
1
1

p—

1

8OF
60 F

[\*)
]
T

ufo
d
C S

K-

—=++ c

40 F

002

—cc Aj
‘ d
u 7T+
Etr > AYK mntnt
Ngg = 313 £ 33
- - T r T .
E LHCb 13 TeV 126 E
—+ Data E
— Total 3
-------- Signal ]
---Background .

~1.7fb1 3

L S :'i L | L
3600 3700
m., (Ze) [MeV/c?]

[PRL 119 (2017) 112001]

p—
S
)

[ele}
[e)

Candidates / (5 MeV/c?)

N
(e]

(o)
)
T T

[\]
@] )
LB B

at
u
d
c S
St | e el =t
—cc | | || e
\u U
=P ottt
Ngg = 91 + 20
T T
—4 Data

— Total

~1.7 fb?t

1 Loty

[ T TR T T | 1 TENT BN TN TN I
3550 360 3650 3700
m(E ") [MeV/c?]

[PRL 121 (2018) 162002]

1 I 1 1
3500
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Observation of new decay mode =/ —» =/ nr*

m Ratio of branching fractions [PRL 121 (2018) 162002]

m++ ottt ot —at
B(&Ee »EcnT;Ec > pK™n )

T BELS o AIK-wtnt A7 - pK-mt)

R =(3.5+0.9+0.3)x1072

m B(Af > pK ') =(6.28 £ 0.32)% [PDG] and B(£f -» pK w*) = (0.45 + 0.21 + 0.07)%
[1st absolute measurement, Belle, arXiv:1904.12093]

B(E - Em)

BEL - AK—nmtw)

=0.49+0.13(R) £ 0.24(Bg;) [my computation]

s 227t would be a good mode to search for £/, but the most efficient decay =0 - pK~ K~ nt
=0 - K- —

Mengzhen Wang 39



Observation of new decay mode =/ —» =/ nr*

m Consistent mass measurements
[PRL 121 (2018) 162002]

3621.40+0.72 + 0.27 + 0.14(A}) MeV Eft—>AFK ntnt
3620.56 + 1.5+ 0.4+ 0.3(Z}) MeV Eft—>Ernt
3621.24 +0.65 + 0.31 MeV LHCb ——o—— (Combined
L | L L L | I L L | L L L | )
3618 3620 3622 3624

M(ZLT) [MeV/c?]

Mass difference: m(=Z") ycp, — m(E2)sgex = 103 + 2 MeV
»Inconsistent with being isospin partners

Mengzhen Wang 40



SearCh fOr E;IL'_C-I_ — D+pK_TC+ new

= Decay diagram is similar to that of Xt ATK-mtmt Fops
AYK~m*n™, but smaller phase space ufo T
o Just swap u and ¢ quarks < :‘AdJ D
m Efficiency is similar e u<3 AF bt
= No evident signal Lu d<; m

m Very stringent upper limit is obtained

120 - LHCD 13 TeV
T ¢Data
100 -Background

B(E. > D'pK m*)

R =
BE » AYK—7wtmt)

< 0.021@95% C.L. :
F <17 fo

60 F -

[arXiv:1905.02421] 40F -

Candidates /(5 MeV/c?)

20F : .

oF
3500 3550 3600 3650 3700 3750 3800
m(D pK 1) [MeV/c?]
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First measurement of £/ lifetime

[PRL 121 (2018) 052002]

Te++ = 256Jr + 14 fs

B t B L "‘CC
+ T, T
g&d A

fzrx(®) = fAO (t) = . Precision 10.5%

Ap
Source Uncertainty (ps)

s Using £ - AYK ntm™ decays

g 60 \' ' ' E Signal and background mass models 0.005
©n : . Correlation of mass and decay-time 0.004
S 50F E Binning 0.001
SN E Data-simulation differences 0.004
% 30§ _ Resonant structure of decays 0.011
= : . Hardware trigger threshold 0.002
% 20F = Simulated =T lifetime 0.002
= 10 s E AY lifetime uncertalnty 0.001
© : . Sum in quadrature 0.014
N g
0.5 l L5 2 Confirmed it is weakly decaying J = 2 ground state

Decay time [ps]
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= Mass m(EL) ~ m(ELY) = 3621.24 + 0.72 MeV
m(QE) ~ m(EXT) + 100 MeV

s Lifetime 31(EL) = 31(Qf) =~ 1(EXT) = 0.256 + 0.027 ps

- Production O-(‘-‘C +) O-(ucc) O'(.Qg-c 1:1:0.3

= Shorter lifetime in £f. and Q}, makes

numbers of drawbacks Estimation of golden mode £}, - ATKn™
o Smaller B, lower efficien gt oAtK—mt
Sndalaerger’ b(;clfgr?)u(r:de - Bi”(é’ci:/l/;:’clf‘;;*) - (f_;) x0.22 [Fu et. al]
Compared to £ » AfKntn™
= Z}.:uncertain with current full LHCb data . BR a factor of 1/5
o Expect ~200 reconstructed Z7. —» AfK~n™ with full LHCb data, « Similar efficiency: a factor of 1/3 due to 7 &
but how about the background level? (EL) 1 a factor of 2 larger due to one less track
exponentially increases? assuming R, = wED) 3 « Production cross-section is the same
" _Q;';C: More challenge * Full luminosity is a factor of 4 as 2016 data
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]P Of Zc (4_ 1 O O) — an d B arXiv:1809.07416

= The default fit has 4.30 for J* = 1~ over 0
s Systematic uncertainty reduces to 1.20

o Alternative K™~ S-wave model Source A(—2InL) Significance
(NR + K + K5(1430)0) Default 18.6 4.30
P _ 14— + Fixed yields 23.8 4.90
u SO ] =1 and 0" are bOth Phase-space border veto 24.4 490
consistent with the data 7 width 42 2.00
Background 3.4 1.80
K*7~ S-wave 1.4 1.20

= Fit fraction of Z.(4100) is (3.3 + 1.11}3)%
B(B° - Z.(4100)"K™*,Z.(4100) - n.(1S)r™) = (1.89 + 0.6472-73)x 1075

B(B® - . (1S)K*n™) = (5.73 + 0.24 + 0.13 + 0.66)x10~*
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Observation of A} — x.12)PK"

= Search for P.(4450)%in A} —|x.12)p|K decays

= Test hypothesis of kinematic rescattering effect
PRD 92 (2015) 071502
m First step: observe the decays, measure B

m Use x.@u,2) = J/Yy, constrain ] /iy mass to known y.; mass

PRL 119 (2017) 062001
0 _ c? L L L L
e
B(4p > J/YpK~) e 2_ 1 c
S 140F 718 T(?V 285 + 23 453 + 2
0.242 + 0.014 + 0.013 + 0.009 o120 457 PK
A — 100 DAIJ_UCCZPK
% %0 — = Comb.
0 - =
B(A(’)’ > Xe2PKT) _ BXq) Z 6
B(Ap —~ J/YpK™) 40

\0.248i0.020i0.014i0.609 B

5450 5500 5550 5600 _5650 5700
Next step: full amplitude analysis with more data m(y  pK) [MeV/c?]

Mengzhen Wang 45




Observation of &, — J/PYAK™

PLB 772 (2017) 265-273

m Strange pentaquark (udscc) predicted in
[PRL 105 (2010) 232001]

m Can be searched for in the =, decay
[PRC 93 (2016) 065203]

b >

Ep (Ap)]

Ng, =308 + 21 (210)

fz- B(E, — JlyAK™)
fro BAY) - JhyA)

=(4.19+0.29 + 0.15)x102

Expect ~1500 signals after 2018 for amplitude analysis

Mengzhen Wang

Candidates/(6 MeV/c?)

40

20

|
ADON A~

o
()

D
(@]

40

—— T T T T T T T T T T T T

L 4-Data LHCb -
| . — Total fit —
- 7/";;%11?! Adecays
[ Comb. bkg invertex
B detector |
=1y e b i R bt H i 3 ;i
IR ¢ i
- 4
C LHCb ]
L 74+8 TeV A decays ]
r after vertex
r detector ]

A u i Hu FR ARSI
g j

u, iyt

I AK) MeVIE]
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Weakly decaying b-flavoured pentaquarks

PRD 97 (2018) 032010
s Skyrme model: heavy quarks give .
: }J/w
tightly bound pentaquark 5 W ol
+ ]d —ulK
PLB 590(2004) 185; PLB 586(2004)337; PLB 331(1994)362 PBop u%ﬁ T
U= =
= Search for mass peaks below strong d— Ut
decay threshold
Mode Quark content Decay mode Search window
I bduud Pho, — JWKTm~p  4668-6220 MeV
IT buudd Plo, = JJpK~m"p 4668-5760 MeV
11 bduud Po = J K- mtp  4668-5760 MeV
IV bsuud Py, — I/ op 5055-6305 MeV

= Upper limit on production ratio ¢ - B wrt A} - J /YK ™ p

o(pp — PpX)-B(Pp — Ji X)

R—
o(pp — A X) - B(A) — Jh K~ p)

47
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Weakly decaying b-flavoured pentaquarks

PRD 97 (2018) 032010

Mengzhen Wang

A,

UL(o x B)P /(o x B)

b

A

Py

UL(0 x B)_ /(0 xB)

107
n 1 1 " " " " 1 n " " " 1 1 n
5000 5500 6000
m(J/ypK wp) [MeV]
T T T T T T T T

1072 F ©) =
LHCb

107 3

" 1 " " " 1 1 "
5000 5500
m(J/WK 7w+ p) [MeV]

A

Py

UL(oc xB)_ /(o x B)

A,

P,

UL(o x B), /(o x B)

= No evidence for signal, 90% CL limitson R < 1072 — 1073

—_
(=}
8}

—_

S
&
T

<L 748 TeV

®) |
LHCb

" 1 " " " " 1 "
5000 5500
m(J/YK wp) [MeV]

TS50 6000
m(J/Y¢p) [MeV]
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Search for dibaryon state

LHCb-PAPER-2018-005

= Adibaryon state [cd][ud][ud] arXiv:1804.09617 submitted to PLB
could be produced in A decays a
to final state A7 n~pp ég}p
_ d
L. Maiani, et al. PLB 750 (2015) 37 w u
' b > > (ci Df - Acmp
s LHCb has discovered the decay Ag{g - —u

A} — Afn~pp

Resonance contributions

~ FT T T 1T 7 T T T T i » — T T T T T T T 1]
q, 200 - = « C ]
< “VF LHCb $ Data 2t LHCb
> r > 40 ¥ 0 -
2 - — Total 2 r c 1
= 150 = E $ Data

C o C ]
N - 30 — Total ]
3 100} 8t
I R:
2 sof T O
< - <
@) @) C

0 DT T Lo BT DSOS O: WS Wil
5550 5600 5650 5700 2500 2600 2700
m(Alppr 7) [MeV/c?] m(Af 7 ~) [MeV/c?]
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Search for dibaryon state

. . _ LHCb-PAPER-2018-005
= Ratio of branching fractions arXiv:1804.09617 submitted to PLB

B(Ay, — Afppr~)
B(A) — Afxm)
= No obvious dibaryon peak in m(A}n~p) spectra

= (0.0540 %= 0.0023 = 0.0032

All signals 22 region signals 2*0 region signals
TR [ . 12 e ;
§ [ (a) ~+ Simulation “ H é) ) (b) ] é) 101 (©) .
e UM LIE | 9 m |
é Al k ;] é oL b g s b
Z xﬁﬁHH - A H ‘ I 2 4 H ”wm

JPCL ¥ A

0-=++ﬁj:rﬂ+ J[HH F or + t J[Jr t } ] 0"H H}d JfJ[ JrH }H:}i
-35I00. — .40I00. .. .45I00. ] -35I00. — .40I0(). — .45I00. ] 35I00. — .4()I00. — .45I()0.
m(Alz p) [MeV/c?] m(Alz p) [MeV/c?] m(A 7 p) [MeV/c?]

Mengzhen Wang
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=, baryon spectroscopy

= Numbers of excited b-baryons have already been discovered
a 55(5945)° - 5, [CMS'12]
a 5,(5935)7,55(5955)” - Epn~ [LHCb'15]

~]/

Q zbo not yet observed

PRL 108, 252002 (2012)
> 16
[} I CMS o
= 14 r P, Js=7TeV e Opposite-sign data
g E L =5.3 b ——— Signal+background fit
Q12 [ -------- Background
2 F E,(5945)° mEec
5 10f " s
=] r
& 8f
© r
T ef
| |
2: H
o) 6 T |"" L l ! Ill*
0 10 20 30 40 50

MJIWET*) - MUWYE) - M(rt) [MeV]

Mengzhen Wang

Entries per 0.45 MeV/c?

PRL 114 (2015) 062004

N
(==

120

100

P [ox) [ele]
(=) (==} [«
TTT]TTT]TT

[\
(==
TTT

(=)
T

R 20 30 40
M(E)m™) — M(E£)) — M(n™) [MeV/c?]

b s
g, 1/2* T (1)
Z 1/2* I (D)
gy 3/2% T
JHEP 05 (2016) 161
N,%
=
i

M(Z;mt) — M(E;) — M(m) [MeV/c?]
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Amplitude analyses of exotic states

s Many puzzling exotic meson and baryon candidates were
detected in B-hadron decays

o Charged exotic mesons — J /i, Y(2S), n. or y. + ©™
o The hidden-charmed mesons — /Y ¢
o Charged exotic baryons — | /yp

= The determination of their properties, or even the claim for their
existence, rely on advanced amplitude analyses

s Large contributions to these B-hadron decays are from production
of K*, A* or N*, that are not well measured

s Improved knowledge of these conventional states are important
for exotic study

Mengzhen Wang 52



ZC_' in BO —)]/]pK-I_T[_ from Be"e PRD 90, 112009 (2014)

= With ~30k signal, Belle observed a new Z.(4200)~ and evidence for
7Z.(4430)” in BY > J/YK*n~ decays

= Exotic fit fractions are small, (1.9792)% Z.(4200)~ & (0.518:1)% Z.(4430)~

2.4 2 2.4
< : @) 1.2 GeVZ/c* < MA(Kr) < 2.05 GeV /c/— 7.(4430)" presented via
< 22 a Yo - destructive interference
> I < 180 Z.(4200) /H
2 20 8 160
S 18; 3 140
-~ A N
N; -2 S 120
161 -% 100
i ;:‘ IJ>J 80
- 60
12_'.- ’ iy 40
[ T T T 20 K*ye_toregion

bl |
054 15 2 25 3 35 4 45 0
T M3(K,r), GeV?/c* 12 14 16 18 20 22

M?(JIy,m), GeV?/c*
K*  K;,(1430)
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Model-independent confirmation from LHCDb

= Run-1 data, x20 Belle signal yield mx- € [745,1545] MeV: yield is 554530 & 770.

2000

m(K+tn~) [MeV]

1000

o If data has only K7 states, assign: J, .. = {

o Exotics in [Jpm™] or [JAKT]: Jpax — oo.

[
K (1980)

K5(1950)
—  K*(1680) D
‘Y
L g «m .
Ve 1(5(1430) e’
| K* (1410) . ’ ]
’
K%z) ‘
. 4
A *
K (800) R
] . e ] ] ] ]
0 1 2 3 4

spin J of K} resonances

@ Several broad overlapping states
e Higher spins at higher masses

o f, ~1—2%. Must veto the
dominant K*(892) and
K3(1430) regions.

2, Mkx € [1085,1265] MeV
3, Mk, € [1265, 1445] MeV

Take JX

max

— 15 as proxy.

LHCb-PAPER-2018-043, presented at Implication Workshop https://indico.cern.ch/event/743635/timetable/

Mengzhen Wang
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Model-independent confirmation from LHCDb

m Used novel “3D” angular moments to boost sensitivity
m K™ only contributions ruled out by 10c

In each mk, bin: K*-only model pdf doesn’t describe data.

| I
m(K+r~) € [1085, 1445] MeV LHCb
Significance = 100 / Unofficial

6000 |— !
m(K+t7~) € [1085,1265] MeV

1000

Ay — Ay

K*-only toys
N
data \

“ pseudoexperiments

= — Gaussian fit d—
- k\
|
4000 4500 0 L

max \
|
_ | 2 3
m(J/¢Ym~) [MeV] 000 000 A(~2log (280

4000 - LHCDb Unofficial 800

600

[\
]
]
S

candidates/(45 McV)
Number of pseudoexperiments

NIIIIIIIIIIIIIIIIIIIIII
nllIllIIlIlIlllIlllIlll

|
3500

o

LHCb-PAPER-2018-043, presented at Implication Workshop https://indico.cern.ch/event/743635/timetable/
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Exotic interpretation

A new structure at 4600 MeV?
Amplitude analysis planed to check

e Indications of the Z(4200)~
seen by Belle

m(J/¢m~) [MeV]

3200 800 1000 1200 1400
LHCb Unofficial m(K*Tr~) [MeV]

LHCb-PAPER-2018-043, presented at Implication Workshop https://indico.cern.ch/event/743635/timetable/
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Search for X,,z; > Y(1S)u™u~

JHEP 10 (2018) 086
><103 -— _
o Binding of double-heavy bb pairs :(2)23_ T(15)] LHCD ;
quite different to cc+light meson . \$=7.8,13TeV 4

[*2)

(el

(==}
TTTT

cloud
4oof

Candidates / (20 MeV/c?)

200 &

o Ground state bound bbbb : A
tetraquark ~ 18 — 19 GeV in many " o000 10000 11000
phenomenological models.

i Obs. 95% CL limit
- LHCb

| ﬁ =7.8.13 TeV ======= Exp. 95% CL limit, median
B . 683%)

10 Exp. (95.6%) —

MMz 1YY

e Typically below 7npnp threshold. Can
decay to 1 (1S)u™

@ No hint of a structure in LHCb
search with 2011-2016 data. Upper

limits placed.

=

C 1 1 =0 1

17500 18000 18500 19000 19500 20000
u, [MeV/e]

10 &

o(X) x B(X) x B(Y(1S)) [fb]
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Ongoing LHCDb analyses for exotics

= Full amplitude analysis of _ 2126signal events
B > yKtn™ :Z: | oy
(~10,000 signals in Run1) T b |
> 0F
= Pentaquarks O 25F < |
0 Ap = J/pK~ S 2 . } . $
0 Ap = J/ypr” “ 3 }
w 10 :— b 0;'3” -
- Ag = XeaPK ™ 5F M + * +
a Ag - A;'I-E(*)OK— - Lol LJ;.le-.il"l"'l::::;"{-'1--4.'.:1.::1"‘1"1'1”[..L.J L
%.6 38 4 42 44 46 4.8
a By - J/YA K™ M (y, "), GeV/c?

Belle, PRD 78, 072004 (2008)
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