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LHCb detector and performance

The LHCb detector described in [JINST 3 (2008) S08005]

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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{s =14 TeV
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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, =45fs 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 — 1 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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LHCDb collected luminosity

Integrated Recorded Luminosity (1/fb)

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018
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Signal: Run2 = 4x Runf1

Such large samples, we
are able to observe exotic
states in fine structures,
and see/observe exotics
with strangeness



Evidence of J /YA resonance: data sample

A — pr~ reconstructed by Long-Long, or Downstream-Downstream tracks

Candidates/(5 MeV)

Candidates/(5 MeV)

= Hidden-charm pentaquark with strangeness P.. is predicted, and

suggested to search forin =, = J/YAK™
[JJ Wu PRL 105 (2010) 232001; HX Chen PRC 93(2016) 064203]

~1750 = —>]/1,b/1K S|gnals (purity ~80%)
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[LHCb-PAPER-2020-039, to be submitted soon]
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Full amplitude analysis is required




Evidence of J /YA resonance: amplitude fit

> T I T, 1 >
= Modelled by one Fes s 0F LHCb Zﬁigigi 5 = [ Lo

H H r i e E(1950) 1 — —

o Adding a P, improves 21In L S AN N — o) 1 8 " eiminan +
by 43 units, statistical = 10—{5" % R 1 3 w H N

. . > : L E . B
significance of 4.30 i F R | | T
evaluated by toy experiments . j""r N E “ e E
o Including various syst. 5 - ———— ulu,lﬁuwmuw éimﬁ s T e —
uncertainty, the smallest R — ¥ 25 ’ - I 5 '
significance is 316 P, contributes to high m  x region m . [GeV] my, , [GeV]
Zooms in to P signal region. Visible improvement.

o Look-elsewhere effect is s T 4
included in both cases $ Br — dita 1 S ; :
é L ';ﬁ‘iwig:out p,] T ®F LHCb  lmy, My 1<Tp 3
= L — Fit with P, = - ]
E 10— m/”( > 22 GeV + Pcs(4459)t§ 15 :_ Pcs(4459)0 _:
= Statistics not enough for 51 J( J{ «~ | / + E
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Evidence of /YA resonance: discussion

= The peak position is consistent with Mass is about 19 MeV below £2D*? threshold

£9D*% molecule model prediction State My [MeV ] P[MeV ] FF (%)
0 +4.7 +8.0 +1.9+40.7
Predicts two states with J* 1/2(3/2)- Feo(4459)7 44588 £29 507 1T.3£65557 27206 13

o a System  [E.D*], =D
O

32 28
AE —-17.8557  —11.815 Fit with two BW (Predicted two states)
M 4456.913F 4463.0133 —

[Bo Wang, Lu Meng, Shi-Lin Zhu, PRD 101 (2020) 034018, arXiv:1912.12592]

[
| T T T T I LI

2 15 preliminary i e data ]

s Two-peak hypothesis is allowed E - LHCb ) R without £ 1
o More data is required to distinguish one- E ok m. . >22GeV | —Fitwith P, -
peak vs two-peak .;:’ /K i é._ .

= 59D*0 SU(3) partner is A} D*°, not % , i
X .D* for observed P.(4440)* and > 1t B
P.(4457)* : I Gl Ll LR

o Indict AFD*® molecule exist? of e T + '

o The theory paper disfavors it, _but RN 4'4 S 14215- S 4'5 ]
should be examined by experiments My p [GeV]
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[arXiv:2007.11292]

1st observation of A) — 9 pK~  Fuceweany pro

= Same quark contents as Ay — J/YpK . Provide unique environment for P, studies
s If P.(4312)" is 2.D molecule, predicted B(P.(4312)* - n.p)

[PRD 100 (2019) 034020, 100 (2019) 074007, 102 (2020) 036012]  B(P.(4312)* — | /Yp) -

= LHCb run2 data (5.5 fb")
o 1. reconstructed using n. - pp

s Fit 2D mass spectrum to confirm the existence

3
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[arXiv:2007.11292]

Search for P} in n.p system Accepted by PRD

s Check background-subtracted n.p mass spectrum

o sPlot technique. 2D mass as discriminating variable. P (4440)"
S/p—T———— 77—
20k PC(-1312)‘§ EEP‘"(“%_LHCb E
No significant P.(4312)™ contribution (~2c) b @ —Daa :

— Simulation 1

o
(@) t
LI | LI

Relative P production rates

_—
S W
1 | LI | LI

R(P.(4312)%) < 0.24 @ 95% C.L.

ghted candidates / (30 MeV/c?)
=

dn
II|II

(Uncertainty is too large to give any conclusion yet)

N
=)

R R R | I E R R
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Weli

s The A} - n.pK~ branching fraction measured

B(A)— n.pK™)
B(A)— JhpK~—)
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= 0.333 £ 0.050 (stat.) £ 0.019 (syst.) & 0.032 (B)




Search for pentaquark in A7 K" system

" X(1(2900) - D*K~[cstid] observed in LHCb
implies possibility of open-charm pentaquark
[cSuud] decay to AFK™

= Run1 data (3 fb1)

a A reconstructed using A - pK~n*
a A » AF¥D; used for normalization channel

= 1st observation of A) > AJK* K m~
B(A) = ATKTK 7)) = (1.02 £ 0.03 £ 0.05 £ 0.10) x 10~°

= No excess observed in m(AfK*) spectrum

s Will search with more data and can also look
for pentaquark [csudd] in AFK ™ system
[arXiv:2011.13738, submitted to PLB]
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Discussion on P,



A} - J/YypK~ 1RSSR
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A} - J/YpK~ 14ERIEER

« MEBLLEREM. FEETFMEEMHBR
o MENEFIHIERIZIE, HEeGE

B(AY — P+K=)B(P+ — J/ip)

R — _ |
B(A} — JpK~)

State M [MeV | [ [MeV]  (95% CL) R [%] )
P.(4312)* | 4311.9£ 07758 | 9.8+27F 31 (<27) | 0.30 £0.077935
P.(4440)* | 44403 £ 13511 1 206 £4.97 57  (<49) | 1.11£0.3379%
P.(4457)* | 44573406711 | 64£2.07 30 (<20) | 0.53£0.167013

—0.13 /

hERSHGMFEENEF2015FERAERKTNR ( HE P.(4380)" 8%,
P.(4450)* 4% ) . BRAREBREHHATE0.5%mAY?, BT,
ERZL 32 Ftoy MCH 3105, R T—HMRESTR
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A HRSImA S %

s A > J/YA (- pK ) —REERSREEN TR
s FOERBIPEEISPAN LIRS TTEL (BW sum)

0 BT 201594, FIMEEANNTS
o FIAE B MNGER, REINEIRESHBZENTEE

v

[ PRC 88, 035205 (2013)]

Res. mo o (mo) Fit T'o c(T) Fit JP Wave R . .
A(1405) 1405.1 fix | 40-250 268.6 | 1/27 | sol RN ARRREA LR/ TRENEEES—
A(1670) 1672 3 1666.3 29 5 11.7 1/2° so1 . —
A (1800) 1783 19 1617.4 | 256 35 284.2 1/2° so1 % 2600 2285 - —
A (2000) 2020 16 2108.4 | 255 63 152 1/2° s01 >3 = — —
A(1600) 1592 10 1566.4 | 150 28 299.2 | 1/2° PO1 S 2400/ @ @
A(1710) 1713 13 1750 | 180 42 | 134.3 | 1/2* | Pe1 = r 6 @ ™~ @@9 [EPJA 10(2001) 447-4861
A(1810) 1821 10 1835 174 50 122.1 | 172¢ PO1 200 S2 JLL X~
A(1890) 1900 5 1874.3 [ 161 15 113.6 | 3/2° PO3 X : @6\3—/ —= . L
A(1520) 1519.6 0.5 1518.4 17 1 13.4 3/2° D03 2000 = Tt fﬂlﬁﬁi = ﬁ?j_:, 1E5|E
A(1690) 1691 3 1697.1 54 5 35.3 3/2° D03 Re=> s e 2o A, L * =
A (2050) 2056 22 1938.3 | 493 61 819.7 3/2° D03 1sool©© ?&%Eﬂkfﬂﬁg[\ :/H\::—I:h—‘z
A(1830) 1820 4 1811.5 [ 114 10 168 5/27 D05 - — T T o SINETIE ., il
A(2580) 2580 fix 250 300 5/2 D05 1600 | | <7 e N A /e
A(1820) 1823.5 0.8 1822.5 89 2 84 5/2* F5 - > P ﬁtiﬁ*u =] HEU E"J _:E‘-'t—,.s
A(2110) 2036 13 2109.8 | 400 38 285.8 | 5/2¢ FO5 1400 Z< 2y
A (2020) 2043 22 1848 200 75 410.1 | 7/2* Fo7 F o1 1 33 ST S 7T 9 9 I ﬁ’“" |‘EE}3§EI’\J;§}HFJ]O
A(2100) 2086 6 2102.1 | 305 16 258.9 | 7/2° Go7 1200~ 2 2 2 2 2 2 2 2 2 2 2
A(2350) 2350 15 2283.4 | 150 15 130.9 | 9/2* HO9 -

liming Zhang B 13

ZNI(IX( mK" )



Focus on JP of P (4312)7?

= Any suggestion how to do it?
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Pentaquark in hadronic decays

Events/4 MeV

Pull

= Two LHCDb PHD theses in public s Branching fractions
(LHCb unofficial results)
0 + 70—
o hitps://doi.org/10.11588/heidok.00025126 %(A/b‘o_) A;\f K L (14.0440.58£0.33£0.45) %
o https://doi.org/10.11588/heidok.00027350 A4, = AID7)

B(A — AFDY(2007)°K )
B(A) - AFD;)

= (435147 2+1.4)%.

4 LHCD internal

—— Run 1 data . _
= full model [ | -
Relative to A, K
----- ASAIDK
Bl A)SAKTK 0 —_n
A De) Kk B(Ap —» AFD°K™)
B AT y] K B(AO = 4.8 + 1.0(stat. +syst.)
b -
7 A —)[A+TCO] D K ( b ]/lpp )
P comb. D 0 + 7550 1 —
] .mmmuﬁj.ﬂ’}?ﬂhi}hmm*.ﬁé.“ﬁW* *Tmf#ﬁhww?uffwm o - B comb. A+ b bo 2 ALK = 15.0 £ 3.2(stat. +syst.)
5400 5500 5600 5700 5800 comb. ATD' B(Ay = J/YypK~)
M, ., (A¢ D K) (MeV) comb. bkg

K HAE R P RS R AT, Rk PN DY) s
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https://doi.org/10.11588/heidok.00025126
https://doi.org/10.11588/heidok.00027350

Amplitude result

= Only 5k signal vs 250k A — J/4pK ™) [Signal/Jpsi mode = 2%]

a0 B(Af - pKm)XB(D° - Kn) vs B(J /Y — utu™) [4%],
addition ¢ of 2 more tracks (0.5%) and hadron trigger (0.5) [10%)]

o B (A%) [5]

Events/1.11 MeV

Pull

g 27
. . (&) -
= More data is required to 25 Runl+2 nh
. . GJ -
aive clear picture ©, 25 LHCb unofficial 14
— T T I 1 4%“824;— —{12
Ngg=4971492  / Runl+2 < B . 10
' E o e
LHCb unofficial e . 8
21— ||-|-::__
- =" =
20 R Lo ;
C ol o -
he= P, )
‘ 18§— I -.:,____.%':_._-:.' _!-. 2
O _}_'E;i;i:g;i;;&'_};;’ii:};i;;*:l};;;;;;i;ﬁi;;{:}ii{:}j{]};iﬂ;;;;}:{:}!;é];{:_- 17:| RN B R AR [ I |-| | |1.|. |- |.| L0
e S S 5 6 s o 10 12
5580 5600 5620 5640 566( D% (2700) model m(D K IGeV?/c™

0
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Prospects [arXiv:1808.08865]

LHC ERA HL-LHC ERA

B S
3 fbt +6 fb 23 fb? 50 fb- oo 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... 0 Expect to 7x more data (14X
Current LHCb LHCb Upgrade 1(a) LHCb Upgrade 1(b) LHCb Upgrade 2 hadronic events) by 2029 than
> > 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)(— J/ 7T+7T_)K+ 14k 30k 180k Xc1(3872) lineshape from multi-channels
BT — X(3872)(— v(28)7) K+ 500 1k 7k
B%— (28K wt 340k 700k 4AM Z.(4430), also explore B — DE:%I_)(S)K‘?
Bf — Df DO DO 10 20 100 Doubly-charmed tetraquark 7/, — D D?
A — JhppK— 7] 680k  1.4M 8M
v More information f t k
Eb_ . J/¢ NK- Ak 10k 55k ore information for pentaquarks
EIt S AT K ntat 7k 15k 90k
El;z_> J/¢ EC+ 50 100 600 [*] updated according to the latest result

Limiléghaﬁ AZ'EOK'F 23k 58k 390k 17



Summary

s Pentaquark studies are shown

o Evidence of first candidate for hidden-charm pentaquark with strangeness
P..(4459)°

n.p final state is studied, more data is needed.

Open charm pentaquark search just started

Progress on A), — ] /YpK~ shows things may be even more complicated
Pentaquark to open charm final states needs more data
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Introduction

s Hadron spectroscopy provides opportunities to

- . . r fm
study QCD in the non-perturbative region ve a0 00 b
o Extensive and precise spectroscopy combined with o f'“
a thorough theoretical analysis, will add substantially a,

to our knowledge
= Complex exotic hadrons can reveal new or hidden *

T T T [ T T T

aspects of the dynamics of strong interactions 01 [ oprsmaiind
o Predicted in quark model 0 .,mm - .
o Recent results show strong evidence for their existence 1Q Gev?

[1] H.-X. Chen, W. Chen, X. Liu and S.-L. Zhu, Phys. Rept. 639 (2016) 1-121. @ Q
[2] A. Ali, J. Lange, S. Stone, Prog. Part. Nucl. Phys. 97 (2017) 123-198.

[3] F.-K. Guo, C. Hanhart, U.-G. MeiBner, Q. Wang, Q. Zhao and B.-S. Zou, Rev.

Mod. Phys. 90 (2018) 015004. @ Q
[4] S. Olsen, T. Skwarnicki, D. Zieminska, Rev. Mod. Phys. 90 (2018) 15003.
[5] Y.-R. Liu, H.-X. Chen, W. Chen, X. Liu and S.-L. Zhu, Prog. Part. Nucl. Phys.

107 (2019) 237-320.

[6] F.-K. Guo, X.-H. Liu and S. Sakai, Prog. Part. Nucl. Phys. 112 (2020) 103757

tetraquark ? pentaquark ? hyb”d ?
eee  EXOTIC
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Improvements in amplitude analysis

o GPU fitter A, rest frame
m 10xfaster compensate yield increase

o Mass resolution of | /yp included

o Abug in 2015 fit is fixed that affected interference
between P. and A* and parity determination

= Related to alignment of p rest frame
proton frames for the two decays a between alignment planes,
= TrapsinJ = 1/2 particle alignment half events are 0 and half are 2

(helicity A = +1/2), a term for P.

Interference term

la — 1 for @ = 0 (we took) 10000k | 'I | | """" : Moo T T T .
€T -1 for a = 2m (but half is) E}Nﬁ}w{ﬁwl{{}mm{tﬂw : 12000F A fter fix, r{ot Zero 7

S000£34 + B 10000 —

m Fix is supported by data distribution, of Before fix, ] 8000 | | | |

data shows two halves are consistent ok interference is (T 6000} “ ”H M mu :

We proposed a method to validate this. |‘HM H‘*M HHH}H 000 \«} H }H \

Also useful for other amplitude fits using helicity P \ IIIIIII 20000 00 |, E
formalism with baryon final states 2 O 7 2 Oy

[arXiv:2012.03699, submitted to CPC] ~ et s
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