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O Evidence of a /] /YA resonance and observation of excited =~ states in the =}, —

J/WAK™ (See Jinlin’s Talk)
[arXiv:2012.10380, to appear in Science Bulletin]

» Study of the lineshape of the y.;(3872) [PRD 102 (2020) 092005]

> Study of the ¥,(3823) and y.;(3872) states in B* — (J/yn*n™)K™* decays
[JHEP 08 (2020) 123]

» Observation of structure in the J /Y -pair mass spectrum
[Science Bulletin 65 (2020) 032]

> Study of B — J/Yntn~KtK™~ decays [JHEP 02 (2021) 024]

» QObservation of new resonances decaying to K™ and
W ying ]/l/) ]/l/)qb [arXiv:2103.01803]

O Amplitude analysis of B¥ - DY¥D™K™* decay
(Details in Yi’s Talk)

[PRL 125 (2020) 242001, PRD 102 (2020) 112003]
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https://link.springer.com/article/10.1007%2FJHEP02%282021%29024
http://arxiv.org/abs/2012.10380
https://arxiv.org/abs/2103.01803
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.242001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.112003
https://www.sciencedirect.com/science/article/pii/S2095927320305685?via%3Dihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.092005
https://indico.ihep.ac.cn/event/13769/session/18/contribution/19
https://link.springer.com/article/10.1007/JHEP08(2020)123
https://indico.ihep.ac.cn/event/13769/session/24/contribution/3

Introduction

¢ New physics evidence in Muon g-2 experiment:

Precision measurement of @,
The error from experiment is smaller than the value from theory

BNLG2 —— @

FNAL g2 +———@———+

(A 420 k)
Standard Model E/)\(periment
verage
3,(SM) = a,(QED) + a,,(Weak) + a,(Hadronic) 175 180 185 190 195 200 205 210 215 [PRL 126 (2021) 141801]

a,x10” - 1165900

a,(Ezp) = 116592061(41) x 10~
a,(Theory) = 116591810(43) x 10~

a,(BMW) = 116591954(55) x 10~

¢ The largest uncertainty comes from strong interaction:
Exotic hadron study offers new approach to probe QCD
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.141801
https://www.nature.com/articles/s41586-021-03418-1

Questions in last XYZ workshop

)*

-

Theory:
Tetraquark
Meson
Qﬁ molecule
G@ Diquarkonium

N\
Hadroquarkonium ,Q‘Q
® s
@ @

®

Experiment:
Not only to find new XYZ

hadrons, but also determine
properties: like production
rates, quantum numbers,
lineshapes etc.

Raise two questions:

o If exist open charm exotic
states?

o If exit exotic hidden=charm
states with one strangeness?

Screenshot from the talk at
6th XYZ workshop in 2020
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v' Yes. DK™ structure observed in BT —
D*D™ K™ decay at LHCb.
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Zehua.XU 4



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.112003
https://indico.ihep.ac.cn/event/10509/session/4/contribution/46

LHCb detector

LHCb 1s a dedicated heavy flavor physics experiment at LHC
e ~20,000/s bb generated at LHCb point in Run2
* A ssingle-arm forward region spectrometer covering 2 <n <5

b
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Vertex:

Time: o, =45fs for BY > J/1¥¢ or DI~
Momentum: Ap/p =0.4~0.6% (5-100GeV/c)

Mass : o,, = 8MeV/c? for B - J/PX (constrainted my )

HadronID: &K - K) ~95% mis-ID (x> K) ~ 5%
Muon ID: eu->p) ~97% mis-IDe(m->p)~1-3%
5/15/21 ECAL: AE/E =1 ® 10%/./E (GeV) 5



https://iopscience.iop.org/article/10.1088/1748-0221/3/08/S08005/meta

Many exotic states observed at LHCb

» 59 new hadron states (conventional & exotic) observed at LHC, most of them

discovered at LHCD [Taken from CERNCOURIER]
11000 1 1 1 1 1 1 1 1 1 1 1
Xo(3P) Xb2(3P)
10500J, o 59 new hadrons at the LHC o, 3p) 1
’-’ + - + - /_’
7000 o829 .Bzgg)L PR
0,(6350)
_ _ M(6152)° (6340
_ . =(6227)" Mo(6146)° W o L (6227)°
6000 - Ay(5920)° e B;(5970)* .+ M=, (6100)" R
my A(5912)0 - W @5 (5840)+. 55(6097)°  A,(6070)° B,(6114)°
3,(6097) " B4(6063)°
v
S 5000 o X(4700) X(4685) [
> -
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8 ® ccqd) o140 | pazgoyr | |® P.(4312)* oZ§j§4000§+
® <G =cc
® cgqq Q.(3119)°
D,(3000)*° ¢ 0 = 0
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s 0’(2760); ¢ . ® 1 8430500 (2023 19%0(2900)
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W ccqqq D(2580)°. ’ @D,0(2500)"
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Date

Diagram of discovery The ATLAS, CMS and LHCb collaborations have discovered 59 new
hadronic states so far — the most recent being the four tetraquarks reported in this article. Credit:

CERN
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https://cerncourier.com/a/lhcb-observes-four-new-tetraquarks/

Recent y.1(3872) studies at LHCDb




Motivation

> The nature of y.;(3872) : conventional y.;(23P;), D°D*® molecular state,
tetraquark, hybrid, glueball or mixed ?

» Previous experimental studies:
* 0(x-1(3872))/a(y(2S)) decrease with increasing multiplicity, prefer

hadronic molecule explanation.
[ILHCb-CONF-2019-005]

 The ratio of B(B - x.1(3872)¢)/B(B° - x.1(3872)K") is consistent
with one, while the B(BY — x.1(3872)¢)/B(B* - x.1(3872)K ™) is two
times smaller, suggesting it is not a pure charmonium.

[PRL 125 (2020) 152001}

 The discovery of y.1(3872) - J/yn*rn~ Y is consistent to the molecule

prediction.
[arXiv : 0410284]

» Lineshape is the next experimental challenge!
 Determination of 6E = M(D°) + D(D*°) — M(x1(3872)) is important

5/15/21 Zehua. XU 8


https://cds.cern.ch/record/2701519/files/LHCb-CONF-2019-005.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.152001
https://arxiv.org/pdf/hep-ph/0410284.pdf

Prompt y.1(3872) and from B

[PRD 102 (2020) 092003]

[JHEP 08 (2020) 123]
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Inclusive y.(3872) —» J/Yyntn~

5/15/21 Zehua. XU
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.092005
https://link.springer.com/article/10.1007/JHEP08(2020)123

Precision mass and width

Comparison between inclusive and exclusive analysis and [JHEP 08 (2020) 123]
previous measurements [PRD 102 (2020) 092003]

LHCb B+ — x1 (3872)K+ I l|.| I
LHCb b— X1 (3872)X I LHCb B — X1 (3872)K*
mpo -+ mp»o fo4 cl
PDG 2018 - LHCb b— x.(3872)X ——t
CDF pp— X.1(3872)X HeH
Belle B— x1(3872)K et Belle
LHCb pp— x«1(3872)X F—e—i BT
BESIII ete™ — x1 (3872)y ———y
BaBar Bt — X1 (3872)K* booe BaBar
BaBar B%— .1 (3872)K° e
BaBar B— (X.1(3872) = JAbw) K ; BaBar
DO pPp— xcl(3872)X *— L | N N [
N M | I S 0 1 2 3 4 5
3868 3870 3872 3874
Iy (3872) [MeV]
My [MeV/e’]
v'Significantly improved precisions on mass and width
v'LHCb average:
* Mgw = 3871.64 + 0.06 + 0.01 MeV/c?
« 6E = M(D°) + M(D*°) — M(x.1(3872)) = 0.07 £ 0.12 MeV/c?
o FBW = 1.19 i 0.19 MeV/C2
First time a width was established for this state.
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.092005
https://link.springer.com/article/10.1007/JHEP08(2020)123

Observation of structure in the J/Y-pair

mass spectrum




Search for full charmed cccc tetraquark

> Motivation: [arXiv: 1803.02522]
* Tooag (Q = c or b) states is isolated i S-wave T
. . R n(18)n.(18 )|J/://J/:// | (18 1 (1P), J/wh(1P)
f.rom both quarkonia and quarkonium- . | (¢ e Sunar)
like exotic states o ThndiS)
* AT,z can decay into a pair of [++ H J/whe(1P), (18 er(1P),
charmonia 718 xo(1P)

Ea J/ym(18) [770x (1 P), Toxa(1P)]
n(18)h(1P)

17 J/yh(1P), ne(18 )xe1(1P) o

1= | J/¥xeo(1P), J [y (1P)] JYmc(18)
1n:(15)h(1P)

» Prompt J /1 pair production: Decays in 2] /1 directly or with feed-down

Single parton scattering (SPS)

»T,.ccState is a special case of SPS =~ »Dominates high J /i pair mass region
5/15/21 Zehua. XU 12

Double parton scatterings (DPS)

Q
Q
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https://arxiv.org/abs/1803.02522

J/¢ pair mass spectrum (Science Bulletin 65 (2020) 032]

» Full Run1+Run2 LHCb data corresponding to 9 fb~1
» ] /1 candidates reconstructed using the J /Y — u*u~ decay
» SPS enhanced sample with J/i-pair pr > 5.2 GeV/c
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My, MeV/c?]
»] /1 mass and pointing-to-PV constraints applied
» ] /\-pair invariant mass spectrum shows
v'A broad structure next to threshold ranging from 6.2 to 6.8 GeV/c?
v'A narrower structure at about 6.9 GeV/c?

v'Hint for another structure around 7.2 GeV/c?
5/15/21 v'No evidence for further structures above 7.2 GeV/c2 13


https://www.sciencedirect.com/science/article/pii/S2095927320305685?via%3Dihub

X(6900) observation [Science Bulletin 65 (2020) 032}
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» Model 1, no-interference fit:
M[X(6900)] = 6905 + 11(stat) + 7(syst) MeV/c?
['[X(6900)] = 80 + 19(stat) + 33(syst) MeV/c?

» Model 2, simple model with interference:

M[X(6900)] = 6886 + 11(stat) + 11(syst) MeV/c?
['[X(6900)] = 168 + 33(stat) + 69(syst) MeV/c?

» The significance in two model both > 50, X(6900) is observed.
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https://www.sciencedirect.com/science/article/pii/S2095927320305685?via%3Dihub

Study of BY — J/Yyn*m KK~ decays




Study of B? - J/yntn K"K~ decays

Motivation: [JHEP 02 (2021) 024]
» xc1(3872) and J /Y@ structures can be studied in this decay
» Production rate measurements can shed light on the nature of exotic states

e T L — —~ 10—
S 0.835 < my— ot < 0.955 GeV/c? LHCb K LHCb j
E 1:_5.350<mj/‘,m+"_K+K_ < 5.384 GeV/c? % [ 5.350 < Myt n-gri- < 5.384GeV/c® ] Bg—>xc1(3872)K+K‘-
S ol A [ BY— JAPK R i ook BE o KT
g . - 4 Bg_)J/le:Kzt - ? ﬁ comb.xc1(3872)K K_
o 0.6k By — JApm 7T_K K = J[ H —— comb.JApta KTK™ -
=T @ comb. %E;KO % ' * + ﬂ H + total
= - comb. *Km = - J[ 9
=5 041 ___ comb. bkg. g SOC hb it 2 } | HH“
SH: total S TRt Mﬂ ' i Hﬁﬂﬂ f

0.2 R L

e == | , |

0.8 I 1.2 185 386 387 388 389 39
MK+ - (GeV/c?] M ppret e [GeV/c?]

> Decays of BY — J/WK*°K*® and BY — y.,(3872)K*K ™~ observed for the first
time.

> Most precise single measurement of BY mass:
mpo = 5366.98 + 0.07 £ 0.13 MeV/c”.
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https://link.springer.com/article/10.1007%2FJHEP02%282021%29024

X(4740) observed in this channel

» A peak around 4740 MeV in | /1Y ¢ mass spectrum
[JHEP 02 (2021) 024]

o 120 L T T T T
2 | [Phys. Rev. Lett. 118 (2017) 022003]
g 100 C O BY— X(4740)mt LHCDb ] ~ n
0 S o T — BY— JWpntn ) N
ST total E 120
T 80 % \ } B S F
-~ \ \ £ 100F
3 F
601 ] s
Y
401 + + 6of-
201 TR 40F
0 B 20~
_I | | | P R 0 - :F!.:" ;,,;”.-";"L :?""“e':f=
4.5 4.6 47 4.8 49 4100 4200 4300 4400 4500 4600 4700 4800
My [Gev/e’] m,,; MeV]

» Fitting with the Breit-Wigner lineshape: X (4700) observed in B* - J /K

mxra0) = 4741+6 +6 MeV/c?, at LHCb
Fx(4740) — 03 £ 15+ 11 MeV,

» Significance of X(4740) > 50
» Are X(4700) and X (4740) the same state? Further amplitude studies are required.
= Two channels peaks roughly at same place
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.118.022003
https://link.springer.com/article/10.1007%2FJHEP02%282021%29024

Observation of new resonances decaying to

J/WK" and ]/} in B* - J/ppK™




Motivation-1 [arXiv:2103.01803]

» This channel B - | /@K™ was studied at LHCb using Run 1 sample.(First
amplitude analysis for this channel)

> The width of X(4140) is 83 + 21%%1 MeV, larger than the value measured from
other experiments.

Year Experiment B — Jhp 9K X (4140) peak [PRD. 95 (2017) 012002]
luminosity yield Mass [MeV | Width [MeV |  Sign. Fraction %
2008  CDF 2.7 fb~! [1] 58+£10 4143.0+29+12 117733437 | 3.8
2009 Belle [22] 325+ 21  4143.0 fized 11.7 fized 1.90
2011  CDF 6.0 fb~! [29] 115+12 41434 7%55+0.6 | 158754425 | 5.00 14.9+3.9+2.4
2011  LHCb 0.37 fb~! [21] 346 +20  4143.4 fixed 15.3 fixed 140 <7 @ 90%CL
2013  CMS 5.2 fb~! [25] 2480 + 160 4148.0+2.4+6.3 |28 I +19 | 500 10+3 (stat.)
2013 D0 10.4 fb~1 [26] 215+37 4159.0+4.3+6.6 | 19.9+12.6110 | 3.00 214844
2014 BaBar [24] 189+ 14  4143.4 fixed 15.3 fixed 160 < 13.3 @ 90%CL
2015 D0 10.4 fb=1 [27]  pp— Jhp... 4152.5+1.7182 1 16.345.6+11.4 4.70 (5.70)
Average 4147.1+£24 15.7+£6.3
2
>
» Three other ] /Y¢ structures, 2 + + LHED
2 100 ¢ [PRL. 118 (2017) 022003]
X(4274), X(4500) and X(4700) pi
. . S 80
were observed in Run-1 analysis. S

60

40

20

0
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https://arxiv.org/abs/2103.01803
https://doi.org/10.1103/PhysRevD.95.012002
https://doi.org/10.1103/PhysRevLett.118.022003

Motivation-2 [arXiv:2103.01803]

>

Hint of J /YK ™ structure in Run 1 analysis.

> ZX in Bt - J /@K™ decay has similar topology as Z} in Bt -» J/YKn™

>

decay, and P in AY — J/ypK~
The observation of X(2900) containing strange quark, and the evidence of
Pt implies possible existence of ZJ.

100 16 8 I BPIIN, X

S T

50 14

[PRL. 118 (2017) 022003] [PRL. 125 (2020) 242001 ]

§ 350 v F -t T
§, 300 ‘% 2 LHCb__
_—i‘g 250 ?‘—\‘ 20 [ . ]
= ' K ]
& 200 [ r i
Q B B

150 T f _

6 8 - 10 — 12
mA(DK") [GeV# ¢4

my,,, x [MeV
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https://arxiv.org/abs/2103.01803
https://doi.org/10.1103/PhysRevLett.118.022003
https://doi.org/10.1103/PhysRevLett.125.242001

Run l and Run 2 sample [arXiv:2103.01803]

W
o
=3
(=)

I Data

. _ =7k ]
» Selection is optimized 2 | LHCG :
. . Q C ) N 1fi ]
> ~ 24k signal (6 times larger than s [ oon :’ti C
. . . = 3000 /Y 77 ackground
the previous publication) 2 :
» overall background fraction ~ 4% © 200p E
(a factor of 6 smaller) 1000 F ]
» 52L50 ...................5300 ke o
My o IMeV]
» Clear structures in Dalitz plot Several X states along m; /.
c\’l_| T T T 16 (\11—1 -
4. LHCb 14 < 18F
©) 9 fb! ©
% 12 &17 =
oS g - 10 N§16E—
3.5F e 8 C
_';'t% 6 15 E_
- e 1 4 14
s »
2.5 e 2 13F
18 20 22 I 0
m3,,, [GeV’] m3,,, [GeV’]

Clearly visible: 4 structures in J /1Y ¢ and an obvious structure in J /P K
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https://arxiv.org/abs/2103.01803

6D amplitude fitting

» The fitting model was optimized based on previous analysis using Run 1 sample.
More K™ states cannot improve the fitting
By testing the contributions from other states

Candidates / (10 M
S
S

600F

[arXiv:2103.01803]

— X(4630)
X (4500)
X (4700)
X NR

— X(4140)
— X4274)
— X(4685)
— X(4150)
= Z,(4000)
-= Z.(4220) z"

2 K1
-+ K2
K2

[ == Background
- == Total fit
- == Data 9 b’

F+ Ko E:
F -~ KT LHCb *

Updated
model

Run 1
model
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https://arxiv.org/abs/2103.01803

Fitti ng resu Its [arXiv:2103.01803]

Contribution Significance [x o] M, [MeV] Iy [MeV] FF %]
X(27)
X (4150) 4.8 (8.7) 4146 +18+33 135+28%3  20+05193
X(17)
X (4630) 5.5 (5.7) 4626 +16 7,18 174 +27F13% 26405127
All X(07F) 20+ 511
X (4500) 20 (20) 4474+ 3 +3 TT+6519 5.6+0.7 124
X (4700) 17 (18) 4694 £ 411§ 87+ 8118 89+12%1
NRj/yo 4.8 (5.7) 28 + 8711}
All X (1) 2si3+10
X (4140) 13 (16) 4118 £1171%  162+211% 17 £3+19
X (4274) 18 (18) 4294 +4+3 53+ 5+5 2.8+ 05798
X (4685) 15 (15) WA ET7 . 126E157  T2E1.0°27
All Z.,(17) 25+ 5113
Z.5(4000) 15 (16) 4003+6% 4 13115426 94421434
Z.,(4220) 5.9 (8.4) 4216 + 24 t30 233 + 52157 10+£4719

> Two ZX — J/YK™ states were observed, both significance > 50

» New X(4630) and X(4685) were observed, both significance > 5o
» Previous results using Run 1 sample were confirmed
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Z ., results [arXiv:2103.01803]
I ——————————————

> The JP of Z,.,(4000)" is determined as 17, the J¥ of Z,.,(4220)* is 1t or 1~
> The fit projection onto J /YK ™ in two slices of | /¢

£300

— —
€(425,435GevV ¥ m,,, E(4.35,4.45) GeV ]

My g

LHCb

-+ Data 9 b’
[ —- Total fit

F -4 No Z,, fit
- — Z.,4000) §

(0]
=250F

[\®]
=l
=}

Candidates / (10
2

—_
=l
=}

W
(=]

38 4

3.8 4 42
[GeV]

mywk

» Resonance character of Z.;(4000)* from Argand plot, obtained from model
independent fitting.

4.2
m,, - [GeV]

25 LHCb ]

Z,(4000)*
ImA CS( )
[\
I

—
n
LI L

©
(V)]
TT T TT

0:..I....I....I.
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Comparison to BESIII

» BESIII experiment recently reported 5.30 observation of a very narrow Z . in
D;D* + D D¢ mass distributions, when our results were circulated in collaboration.

» Tests are applied: BESIII [PRL 126 (2021) 102001]
* Fixed Z.;(4000)* to BESIII’s

40

result; twice the log-likelihood 1s Yoo} femasm Gev R

worse by 160 units. 52 -y
« Adding on top of the default model 2 i

almost doesn’t improve the fit o P comn Bre

4 4.05 4.1 4.152
likelihood RM(K*) (GeV/c?)

15 (s = 4.628 GeV
(b)

> No evidence that Z..(4000)* state is
the same as the Z.4(3985)~ seen by oo
BESIII.

Mpole(Zes(3985)7) = (3982.5158 + 2.1) MeV/c?,

T pole(Ze5(3985)7) = (12.8152 4+ 3.0) MeV.

Events/ 5.0MeV/c?
o

o (3}

Events/ 5.0MeV/c?

o (8}

34T

4 4.05

. 4.1
RM(K") (GeV/c?)
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X results

Weighted yield / (10 MeV)

> The measured mass of X(4140) is 4118 + 11+12 MeV, with width
162 + 21122 MeV, not very narrow; the mass is around the threshold of

J/bo.

No evidence of a narrow threshold resonance at / /Y ¢ in our data
» Comparing the unnormalized Legendre moments of Run 1 model and

updated model, new X(4630) and X (4685) are required.

[arXiv:2103.01803]

09F + o4 = S
£ LHCb <P.> —e— Data 9 fb E > >
03F 0 — Default model 3 E 02 E 0.04
07F -+ Run I model 3 o F —
06F 4 05t g
3 = C =
0.5¢ 1 © oifF 9
04F 4 2t e
1 B oosk E
03F E = UL =
02F = .20 r .20
E o 0 O
0.1F 4 = : =
0 E_. P R B B | I
4 4.2 44 4.6 4.8
My, [GeV]

> The J¥ of X(4685) is 1%, and the J¥ X(4630) is not determined.
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Observation of D" K™ structurein BT —

D"D K™




X(2900) observation [PRL 125 (2020) 242001, PRD 102 (2020) 112003]

» BY - D*D™K™, an ideal channel to search for open-charm tetraquark.

‘q\ 300 L AL A A B S S B R V’:‘ [ T T T T T T T T T T T T |_
= LHCb] T nf
D 250 9 fb! = o [
b= (a) ] 9, ol
T 200 . - ~20
~ ~1300 signals E a f
51 . 7 Y [
g 150 99.5% purity c Q 18
o . ] L
. — = E [
S 100 16k
< o
S 3 :
4=
2 5300 5400 5500 5600
m(D*"D"K™) [MeV/c?]
» Amplitude analysis performed:
,(E: 140 e i s ety o ) [re et o~ = =W [~
~ LHCb S S0F e oo WD'k* LHCD 3
g s e (b) ;
Stk T =C D,K E
100 o 60F Vs oo == 3
i R S S0F - xwm ok 3
= ~ 4F =
8 60 3 - 3
£ s o 3
e S 3
g S 10F  TLHL ™ 0 E
0 P iy T, R of—2d A e
4 45 25 3 35
m(D*DY) [GeV/c?] m(D"K") [GeV/c?]

» More discussions about B = DDh in Yi Jiang’s talk.
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Summary

Presented only newest analyses performed by LHCb:

» Further understanding of y.,(3872)

» Observation of first fully-charmed tetraquark X (6900)(cccc)

> X(4740) (ccs3) is observed in BY — J/yntn~KtK™ decays

» Four new J /YK (ccus) and J /i (cCsS) structures are observed in the decay
of BY = J/YpK™

2. An exotic zoo channel, BY - J /@K™, two kinds of exotic states
observed in one channel.

» First observation of open-charm tetraquark candidate
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Prospects

+ Prospects of more exotic states observed at LHCb

LHC ERA HL-LHC ERA

> —
3fb? +6 fb! 23 fb?! 50 fb! 300 fb?
2011-2012 2015-2018 2022-2024 2027-2029 2031-...
Run 1 Run 2 Run 3 Run 4 Run5..
Current LHCb LHCb Upgrade 1(a) LHCb Upgrade 1(b) LHCb Upgrade 2
_ —

s LHCD is now boosting the data to a new level

o Expect to 7x more data (14x hadronic events) by 2029 than current, half of
these by 2023

o Could have another 6x increase from Upgrade Il

Thanks for listening
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Outline

O Evidence of a /] /YA resonance and observation of excited Z*~ states in the =}, —
J/WAK™ (Details in Jinlin’s Talk)
[arXiv:2012.10380, to appear in Science Bulletin]

» Study of the lineshape of the y.;(3872) [PRD 102 (2020) 092005]
> Study of the ¥,(3823) and y.;(3872) states in B* — (J/yn*n™)K™* decays
[JHEP 08(2020)123]

» Observation of structure in the J /Y -pair mass spectrum
[Science Bulletin 65 (2020) 032]

> Study of B — J/Yntn~KtK™~ decays [JHEP 02 (2021) 024]

» QObservation of new resonances decaying to K™ and
W ying ]/l/) ]/l/)(,b [arXiv:2103.01803]

O Amplitude analysis of B¥ - DY¥D™K™* decay
(Details in Yi’s Talk)

[PRL 125 (2020) 242001, PRD 102 (2020) 112003]
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Introduction

¢ Multiquark states are first predicted in 1964 in quark model, the original
papers by M.Gell-Mann and G.Zweig.

¢ Mesons are 2-quark bounding states, baryons are 3-quark states, does
multi-quark state exist?

¢ First tetraquark candidate observed at BELLE in 2003, first pentaquark
candidate at LHCb in 2015.

[PRL 91 (2003) 262001] [PRL 115 (2015) 072001]

b)

35% 800 t

200 (b) ‘ LHCb

Events / (0.005 GeV )
N w
0 =]

N
o

-
(2]
T[T T T T [T T T T[T TTTT

-
o
L L

(3]

4 4.2 44 46

Y52 a8 386 388 39 392 my,, [GeV]
2003 at BELLE o 2015 at LHCb

5/15/21 Zehua. XU 33



Pole search

»The amplitude has two types of singularities

v'Branch points: thresholds of coupled channels;
lead to branch cuts of Riemann Surface

v'Poles: hadronic states;
real part of pole location is hadron mass;
imaginary part of pole location is half width

[PRD 102 (2020) 092005]

sheet I ]
] I I R B
-0.4 -0.2 0 0.2 0.4

Re E [MeV]

> For x4 (3872), only Riemann sheets associated to D°D*? are important

. E—E;— g (;\/W +/—2p1(E — 5)) + %F(E) with Im B > 0,
II. E—FE;— g (+\/m + v/ —2us(F — c))) + %F(E) with ImE < 0,
1L E— B, — g (—\/W+ V—21(E — o‘)) + %F(E) with Im E < 0,
IV: E— B — g (—\/m+ V—2a(E = 0)) + %F(E) with Im E > 0,

»Pole location on sheet Il is preferred for all scenarios!

5/15/21 Zehua. XU
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Flatte model [PRD 102 (2020) 092005]

» Threshold is within the natural width=» Breit-Wigner is not the correct lineshape
» Flatté model is used, best fit gives two pole singularities:

—02 ——————— — 1 , :
2z sheet TV - S sheet IV ]
= ] ﬁ - LHCb i
[ 0 - E‘ 0 - S AR .
E g [ ]
-02F -1 .
i - asymmetry wrt threshpld
04l — —2:— contains im‘ormation—g)n the
5 ] nature of state
-0.6— ] -3 — -
0.8 — 4 -
i ” sheet I ]| B sheet I -
_1 1 L 1 I 1 1 1 I 1 1 1 I 1 1 1 _5 B 1 I L 1 1 I 1 1 1 I i
0.4 -0.2 0 0.2 0.4 —4 -2 0
Re E [MeV] Re E [MeV]
E, < 100 keV at 90%CL
Best estimate: E;; = (0.06 — 0.13 1) MeV Best estimate: Eyp = (—3.58 — 1.22 1) MeV -

v'Pole study compatible with a bound DYD*? state but a virtual state
scenario is still allowed at 20 level
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Mixture of molecule and compact state

»Pole locations of different kinds of hadronic states [PRD 102 (2020) 092005]
v'Bound state: on physical sheet below threshold on real axis
v'Virtual state: on unphysical sheet below threshold on real axis
v'Resonance: on unphysical sheet in the complex plane

v'Presence of inelastic channels shifts pole into complex plane and turns both a
bound and virtual state into a resonance

> Setting the couplings to channels other than DD* to zero gives E;; = —24 keV,
indicating a quasi-bound state with binding energy of E,, = 24 keV

— 0.2
-
[5)

E‘ 0.1

»Quasi-bound state of D°D*? scenario £,
preferred: E;, < 100 keV at 90% C.L.

»Quasi-virtual state assignment allowed 02
at 2o level

-0.1

-0.3

-04

-0.5
-04 0.2 0 0.2 04

. Re E [MeV]
v'Pole study compatible with a bound D°D*? state but a virtual state

scenario is still allowed at 20 level
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Motivation

> Two pentaquark states (P;") observed in A) — J/1pK ™~ decay in 2015 at LHCb.
> New narrow P.(4312)% observed in 2019 at LHCb, P.(4450)™ is resolved to two

states.
[PRL 115 (2015) 072001]

700 ; LHCb

200

Y ) 4.6
nUNW[GeV]

[PRL 122 (2019) 222001]

—0
ItD r:D*°

-
n
o
(=)

——data i
— total fit |
— background

LHCb

—_
o
o
(=]

Weighted candidates/(2 MeV)
o]
o
o

; P (4440)"
P.(4312) (4440)

4300 4250 4300 4350 4400 4450 4500 4550 4600
Myrp Me

With u quark changed to s quark, =, — J/YAK™ is an ideal channel to search for

hidden-charm pentaquark (P.s) state with strangeness.

S
al K
W
u
b c
Ezi; .S""*"""---.____,____ ¢ ‘)g
d —— — :;
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Run 1 + Run 2 data sample

» ~1750 = signals, purity ~ 80%

5700 5800

591
My ak-

00
[MeV]

[arXiv:2012.10380]

o 8() — 1 1 T — o - I 1 T
> 80F >
§ + Data 3 fb™! § 3 + Data 3 fb!
v ol LHCb = Total fit Y .0 I LHCb = Total fit
E i == Signal :"j L == Signal 7]
3 whb {8 comb. bkg 3 - f Comb. bkg i
S - * Bz -omrk = i Bz omsk i
< < 20
@) 20 5 ¥ + Q R —

0 5700 5800 5900 0 5700 5800 5900 ]

M,y 1k [MeV] M,y 1 [MeV] ]
9 N T T T "] s\ N T T T —
9 300 +paa6fv’ 1 & 2008 +Data6f! ]
= - ’ 1 = ’ 1 1
s i LHCb = Total fit v N LHCb = Total fit e
E 200 B == Signal E 150 :— == Signal —: __
5 B @Comb, bkg g C mComb. bkg 1
S B T 100 Bzomsc n
< B < = =
O 100 @) - ] .
50 »

Potential P, contribution?
A full amplitude analysis is

Long tracks:

Downstream tracks:
The tracks reconstructed from

The tracks reconstructed from performed
Vert-ex Detector and Track Track Stations.
Stations.
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Significance of a P, in this channel

[arXiv:2012.10380]

» ~3.10 s1gn1ﬁcance of PCS (Syst. uncertalnty and look-elsewhere effect considered)

Yield / (10 MeV)

10°
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—o—Dam‘)fb'
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& (¥ )
L. o ! il |
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Ui X, W u
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A M""""'ﬁ@.lthn

n{AK_ [GeV]
» A significant improvement is also found in the cosfp__ distributions when the P,

Yield / (20 MeV)
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Fitting results

—~ | ' ' ! ! | ' ' ' ]
E LHCb .
N —e— Data 9 fb_l 1
X 20 : Pcs :
s | --e-- 5(1690) -
© I --a-- =(1820)" ]
s of o-- 5(1950)" ]
. Z(2030)" -
: v NR :
0 I [
[arXiv:2012.10380]
State M, [MeV] [y [MeV] FF (%) e=—— Fit fraction
P.,(4459)° 44588 £2.9717 17.3+65130 27119+ 01
Z(1690)~ 1692.04+ 1313 2594951132 22,1 +52+87 Consistent with PDG,
=(1820)~ 1822.74+15%10 360444178 329 F32+69 with improved precision
Z(1950)~ 19106 +184  105.7+23.2  11.5F38+499
=(2030)~ 2022.8 +4.7 68.2 + 8.5 7.3+18+38
NR - - 35.8 L 54 103

» Two ="~ states observed for the first time in =}, decay
> Mass of P..(4459)° 19 MeV below the £2D*? threshold, similar to
P.(4440)* and P.(4457)% pentaquark states.
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Angular distribution

Candidates
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Legendre moments

» Unnormalized Legendre moments:

< PV >= Z —Py(cos )

€;

Legendre polynomial of order [ and
efficiency for each event i.

The moments distribution 1s obtained

by a ﬁPl(cose).
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Weighted yield / (10 MeV)
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[arXiv:2103.01803]

Angular moments of
J /Y@ helicity angle
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Legendre moments |arXiv:2103.01803)

Angular moments of Angular moments of
J/WK™ helicity angle @K™ helicity angle
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