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QOutline

* The LHCb detector and overview of recent LHCb results about heavy hadron

spectroscopy

» Highlights
* Observation of a new D} meson in B — D D*K*7~ decays[PRL 126 (2021) 122002]

« Evidence of a new pentaquark candidate with strangeness [arXiv:2012.10380]

« Observation of new resonances decaying to J/i/K™ and J/i/¢ [arXiv:2103.01803]
e Summary and prospects
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Int. J. Mod. Phys. A 30, 1530022 (2015)
The LHCb detector JINST 3 (2008) S08005
A single-arm forward spectrometer, designed
for the study of heavy flavor physics

 Excellent vertex, IP and decay-time resolution /N
o(IP) = 20um for high-pr tracks , s
6(1) = 45fs for BY — J/iy¢p and B — D;mt* decays Y \
e Very good momentum resolution
op/p = 0.5%-1% for p €(0,200) GeV
o(mp) = 24 MeV for two-body decays
 Hadron and muon identification
Ex—k= 95% for e,_,x= 5% up to 100 GeV
€usu® 97% for e~ 1%-3%

gcaL HCAL

SPD/PS
RICH2 M M

LHCb MC LHCb MC

2<n<5 range: ~25% bb pairs
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Overview of recent LHCDb results about heavy hadron spectroscopy

11000

Some SearCheS: ooooo 1 |52 new hadrons at LHCb |

e QF via ZFK 7t [arXiv:2105.06841] ey Moz GRS

6000 1 .nggiggs -zA .‘B (597g;+:0 : 52837)_
. Q;C and E(b)c via AJt” and Ef 7t [arXiv:2104.04759] £ o
» E) via DpK~[JHEP 2011 (2020) 095] } o] © S &R
P e sl
Observation of some new states: EogE YTLLevRE
* Anew Z state decaying to Z; 7" [PRD 103 (2021) 012004] [LHCb-FIGURE-2021-001]

(also cited from Jingyi’s talk at QCD21)
« Two new excited B! states decaying to B*K~ [arXiv:2010.15931]

[PRL 125 (2020) 242001, PRD 102 (2020) 112003]
* New spin-0 and spin-1 D*K™ resonances and x.((3930), x»(3930) states

* X(4740) state in BY — J/ym~ " K- K* decay[JHEP 2102 (2021) 024]

e X(6900) in di- /1 system[Sci. Bull. 65 (2020) 1983]
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PRL 126 (2021) 122002

Observation of a new D, meson

in B — D"D*K*7~ decays




. L PRL 126 (2021) 122002
Overview of D] spectroscopy and motivation

(cited from Chen Chen’s talk at CLHCP2020)

D, spectroscopy overview — 3400 —¥—————————
> : — -
» 10 states experimentally established < 3200 — —
: . 3000 |- — =
* Below 3.1 GeV, still 6 states missing 2 oy O :
215, state expected to be the lightest one > - = .
2600 T — o s
- ==~ B, 2536y D= (2573) - - - 5 DK
2400 = D - bk
Why B —» D"D*K*n™ ? 2200 |- 3
e DK pair — states with natural JP(0%,17,2%, etc) 2000 ;_D— B _;
e DK* or D**K? —low efficiency at LHCb 1300 £ E
- ' . 1600 = ] ] | ] | ] | ] | ] =
 D*K*n~ — ideal final state for new D; state 2541, = s s *p, P, °p, D, D, °p, °F, F; °F,

JP= 0" 1~ 0f 1t 2t 1= 2= 3= 2t 3t 4%
* Theoretical predictions[PRD 93 (2016) 034035]
« Experimental values from PDG
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Especially, require M(K"7t7)<M(K(890)"), sensitive to

states with unnatural J”(07, 1%, 27, etc) and mass>2.5 GeV



Data sample and amplitude analysis of B — D™D K7t~ eri 126 2021) 122002

2016-2018 data collected by the LHCb detector, ~5.4fb™! = [P T F oy
. g 100 LHCb —— Data .
e Require m(K"7t7)<0.75 GeV SR o we i
~ 80 L R B*>DD*K*mr -
* Only combinatorial background g o | % - Backgromd ]
=
: _ g5 F
. —Signal yield: ~450 5 .
8 1of TR 1 2 of FHC @ e 1 500 5250 530 5350
S 1 | HEL | W = E : — Fit : m(D"D*K*7) [MeV]
JTY I I P 3 9 s0f ~+--Dm<§§§g>*—:
E 8 T 3 1 < S D (2536)F
16F S Eerd Ly e 4 BAoE gl 0000 = NR 1 A new Dy state with significance > 200
I5F Wan e Mam te d B |
14F "Hmaadange o4 B o’ 1 Pole mass: 2591 + 6(stat) + 7(syst) MeV
3 I 1 1 L L n 1 I n = = 20- |
6 8 10 12 U VFt| : .
\ (DK 1) [Ge V2] obRs e P Pole width: 89 + 16(stat) + 12(syst) MeV
Clear band in Dalitz plot bRt f*;dl};’ﬁz s JP=0" prefered with significance > 150

My gy [GGV]
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Sci.Bull. 66 (2021) 1278

Evidence of a J/i/A structure and

observation of two excited =~ states
in= " — J/iAK” decay



=, = AK [t -
E = WAK, Jy—pTum, A - pr:
suggested as a channel for pentaquark P, [PRC 93 (2016) 065203]
first observed by LHCb in 2017[PLB 772 (2017) 265]
With Run I and Run II data, ~1750 signals, purity ~80%
z —_—N
— i ==
L Data3 fb™' o B Data 3 fb™! 1
5, 60 B LHCb — Total fit B i 10 ; — Total fit ;
E i = Signal ] E | = Signal |
E 40 B %Comb bkg ] :g - %Comh bkg 1
T + Bz-mee | | R T eV S
SN NE K .
201 —
,»; % +
L 5700 5800 5900 t 5700 5800 5900
M 4 IMeV] My 05 IMeV]
g r T T g 9 C ) ]
& 300~ +Data6fb’ ] 212000 +Data6fo!
§ i LHCb = Total fit ] i N = Total fit i
E 200; — Signal N % 150; — Signal {
_¢§ i %Comb. bkg i -§ E %Comb. bkg E
= [eomsx | | 8| 1001 B =-mr'x -
< 3 . < - -
O 100 B O B ]
50 ++ ]
e v 0
M, o IMeV]
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Potential P,, contribution?

Amplitude analysis performed...
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Full 6D amplitude analysis performed:

Sci.Bull. 66 (2021) 1278

Adding a P, improves -2InL by 43 units, ~4.3¢ significance

Two = states

After con51dermg syst uncertamty and look-elsewhere effect, 3.10 significance

—~ T T T ~ T
= 103 e Daadfy =
E P, =
= LHCb = S 1 2 o[ LHCb
= 1 S E(1820) Q -1
< 102 --------- Z(1950) ERR 9fb
o 2(2030) o
& , g | NR T 40
> 10 + Eﬂw‘ﬂ’ "'-lﬁ.' I 111 y 1 +
ke bbbl E i
i “t il ] -
g RN igee -
(\s}% ‘‘‘‘‘‘‘ i I I Illli[il' I 20 oo gE - e
LE|F & i g ‘ [ [l imlstd = i (e Sy ot i S
i iﬂn@e S . e, anel E = --v-i""':"v-: 7 e -
2 25
m, . [GeV]

—x()
P_, mass 19MeV below the Z'D  threshold

Statistics not enough to
determine J© of 2(1690)" and P..

Possible two-peak structure of
P, can’t be refuted

Two-peak structure apears in P, state in
Ay — JypKT[PRL 122 (2019) 222001]

\ s [ T8 F ,
oI5 —— Data9fb? 3 - s
. = b LHCb . 1 _F I E
State \‘Mn MeV] Iy [MeV] FF (%) e [ If :15@: without P, | 2 201 LHC_IP Lmy s Mp I <Dp
P..(4450)° 44588 +2.97%7 173465750 o7tLoF0r D Wi We>Tley T = s O -
Z(1690)~ 1692.041.3%17 259495 ] 2ot Rited ~ 5% g o E
2(1820)~ 18227 +15+}0 3604+ 44+78 329+32+80 ; |Jr 1= ] ] +__

. . -l L T L L BT L 1 E

Consistent with PDG A s s T T A =R

4 - L L | L L L L | L L L L | L L . 0 | L | L L L L | L L L L

191 1 4.4 4.45 45 & 0.5 0 0.5 1
precision improved o [GeV] cos6,
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arXiv:2103.01803

Observation of new resonances

decaying to /iK™ and J/i¢p



Previous analysis of B™ — J/iy¢K™

Amplitude analysis is performed with Run I data(3fb™?)
[PRL 118 (2017) 022003, PRD 95 (2017) 012002]

Four significant J/i/¢ structures are observed
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arXiv:2103.01803

A hint of J/iyK* structure

5
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Larger data sample leads to further exploration in B™ — J/iy¢K™
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arXiv:2103.01803

Updated B™ — J/i@K" samples

2 LHICb BT
larger dataset(Run I+Run II) and SE g —Toulfic
improved selection(15% higher signal efficiency) %3000 = & T DR -

— 3 s
~6x signal yield(~24k) .

much smaller comb. BKG fraction(~4%)

16
14
12

Significant J/7/K™ bands: Z ., candidates— %g 18;‘

8
6 \2— 1 .
+ Explored by performing amplitude analysis @16—_\'— ey
: 15F o
» il T
14F e el
Clear contribution from J/iy¢ " T e

resonances, same as Run I < m
6 July 2021 QCD21




Full 6D amplitude model

Due to increased sample size, Run I model can’t fit data well

— K" improved model + new exotic states

1" Z and 17 X produce largest improvement, each~150(stat. )

arXiv:2103.01803

1"~ 7., 17 X, 2~ X improve fit quality significantly, are also included, each>50(stat. )

- X(4630)

2 600 C — X(4500)

= [ X0

3 5000— xnr

% 4005 X@140)

= F— Xx(4274)

O 300 y (4685
200E-— X(4150)
100 E T Z,4000)

Loeos 2 (4220);

%700 £ 4+ K0

= -

=600 L

25005 1 k2

E i

=400 K2

E E ----- Background

5300 E - Total fit '
200 ; —-Data 9 fb™
100~ :

0—5
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- «<— default model

€——— Run [ model
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Amplitude fit results Bfeit'vl‘“/gf‘eﬁass' width arXiv:2103.01803

Contribution Significance [xo] M, [MeV] [y [MeV] FF [%] €—— Fit Fraction
X(27)
X (4150) 4.8 (8.7) 4146+ 18+33 135+28+% 20405198
Xi1=)
X (4630) 5.5 (5.7) 4626165 1ML 27t  opLpstls
All X(07) SR
X (4500) 20 (20) 44744+ 343 Tr 650 5:6£0.712:
X (4700) 17 (18) 4694 4 4 118 874 811 1R B ey
NR /4o 4.8 (5.7) 28 + 81
All X(11) 26342
X (4140) 13 (16) 4118+ 11+1% 1624+ 21%2% 17+ 3+19
_ 4204+ 412 53+ 545 SR405102
]P _ 1+ prefered X (4685) 15 (15) 46844 7Y 1264 15tH 0 7241015
- L pretered, All Z,(1') 25 E50 ]
eed more data \\ Z.5(4000) 15 (16) 4003+6%,F 131+£154+26 9.4+21+34
Z.5(4220) 5.9 (8.4) 4216+ 24713 233+ 5217 10+471

e Four X states observed in Run I are confirmed.
* Observation of two Z states, both significance >5¢.

* Observation of two new X states, both significance >5c.
6 July 2021 QCD21 15



Summary and prospects

The LHCb detector produces many nice results, fruitful on heavy
hadron spectroscopy!

Some highlights:
« New D,(2590)" state is first observed with high significance(>200) in B — D"D*K*7nt

JP=0" prefered with significance > 150
Strong candidate to be the missing D, (2'S;)" state

 Evidence of P_(4459)" in B = JpAK

—=(
P,, mass 19MeV below the Z'D  threshold
More data is needed to explore J© and possible two-peak structure

* Observation of two ccus tetraquarks and two ccss tetraquarks in B* — J/ippK*
1* Z,,(4000)* with significance > 150, 1%/~ Z,,(4220)* with larger width

Two new X states observed, four X states observed in Run I analysis confirmed
The upgrade of the LHCb detector is going on wheels : arXiv:1808.08865

e 7x data by 2029 than current(14x for hadronic decays), half of these by 2024
6 July 2021 QCD21 16



Thank you for your attention!
Any question or comment?
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Amplitude analysis of B> — D™D*K* 7t~

Mass projections of different systems:
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PRL 126 (2021) 122002

Fit fraction ( x lﬂ 2)
D(2590)" 63 + 9 (stat)+ (syst)
D,,(2536)* 3.9+ 1.4(stat)+ 8 (syst)
NR 51 +11 (stat)+ q (syst)
D -NR ~18 &+ 18 (stat) £ 24 (syst)
DY /DY 6.1+ 2.4(stat)+ 1.4 (syst)

Spin-parity test: J'=0" is the most consistent with data.

(o

Candidates / 0.

120 ———————————— e 120 —————— ——— 20—
[ LHCb (a) o S [ LHCb (b) S [ LHG (o)
100F - > 100F 1 1o0F .
JP—O_ —— Fit 0 - JP— 1+ 5] ]
i - D (2590 = = s I
80 SN D (2536 g 801 ] %
r - NR = -] =]
£ g + 1 8
o sof -+ ﬁ=++—:
0 k I It o dheefiz Um Fopand . T“.--‘---l " : I m&
-1 0.5 0 0.5 1 -1 -0.5 0 0.5 1
cos ), cos 6,

\ Could be from the D7, (2460)* contribution,

handled in syst. study
QCD21 19



, Int. J. Mod. Phys. A 30, 1530022 (2015)
/A reconstruction at LHCb JINST 3 (2008) S08005

Due to large mean life time of A baryon, most A particles decay
after Velo.

e For A decays in Velo, reconstructed by two Long tracks;
* For A decays outside Velo, reconstructed by two Downstream tracks;

Upstream track
/
//////// //,/”f/ T track
—

‘_,_.—-—'_'_'_'_'_'_._._._-—-_‘_‘_‘_‘_‘_‘_‘_‘_‘—-—..
::::::::::'”“ Long track ‘iﬁﬂhhhﬁhk"“hﬂxﬁhimahhﬁ

Velo |
Velo track
il
Downstream track

TI T2 13

B
[

[~
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Two-peak structures in P, and P, spectra

Two-peak interpretation with a statistical

significance of 5.4¢

1200F
[ — data

1000

800:—

Weighted candidates/(2 MeV)

(o]

o

o
T

ol

200[

- —total fit i
. — background

=0
+* inkd *
D ]

LHCb

PRL 122 (2019) 222001
Sci.Bull. 66 (2021) 1278

free parameters

relative
e o e el laaits ol Ml il contributions
4%00 4250 4300 4350 4400 4450 4500 4550 4600
myp [MeV] f
State M [MeV ] I' [MeV ] (95% CL) R [%]
BEl4siayt | 31102070 | 08£27F 3L (087 | D30k 00T
P.(4440)* | 44403 +1.3741 | 20.6 £4.9%37 (< 49) | 1.11+0.3310%
P.(4457)* | 4457.3 406141 | 6.44+20F 37 (<20) |053+0.161013
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Improves 2InL by 4.8 units for 4 additional

LHCb
D 2.2 GeV

—« Data 9 fb™

3 P

Fit without P,
—— Fit with P,

-

g
\g\\l

L
4.45

Ll
4.5

M 10 [GeV]

M;= 44549 £ 2.7(stat) MeV, I';= 7.5 £ 9.7(stat) MeV
M,= 4467.8 + 3.7(stat) MeV, I';= 5.2 + 5.3(stat) MeV.
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Test of the 17 ZCS(4OOO)+ state arXiv:2103.01803

LHCb

Z,(4000)*
(3]
|

Argand diagram shows the magnitude

and phase obtained from data fit is :
. . . 1
consistent with expected BW hehaviour. 5
0.5r
C300F T S TSN SR < T S R B B B R R RSV SN NSO = o _Il T (I) N IZI (4|100(I))+
ke M,y €(425,435)GeV ] M,y € (4.35,4.45) GeV ] Re A™
S il | S ' ;
— = LHCb J gk, [t a. : : . . . . .
J200F 4 paaomyt  [MRHETY 1 Fit projections onto myk+ in two slices
g 150:_—49— Total fit .: i 1 ]
= f-bNozofit | § { of my,,, for the default model with and
S 100 — Z.4000) ¢ i ]
U B N ] ] .
50f T 1 without the 17 Z.,(4000)" state.
X L 4 22
My ke [GeV] Mk [GeV]
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