e

Hadron spectroscopy
@ LHCDb

BERXESEVERR PO
T
=RT

l'I'

%-'—JE=EII gﬁ%—'ﬁ aﬂ*% EI 1'%7’:%:&5&:@ 'l«_,l'%
3.31-4.1 2 K A




Outline

* Introduction to spectroscopy studies at LHCb
 Charmed mesons + baryons

* Doubly charmed baryons -> Yuehong ‘s talk
* Search for B,
* Tetraquark states
* Pentaquark states
* Future prospects

* LHCb prospects = Wenbin’s talk



LHCb Detector

LHCb, Int. J. Mod. Phys. A30 (2015) 1530022

Forward spectrometer running in pp collider

® 2 < n < 5range: ~ 25% of bb

pairs inside LHCb acceptance

Excellent vertex and IP, decay time resolution: Hadron and Muon identification

* 0(IP) = 20 um for high-p tracks * €x kg~ 95% for €,k = 5% up to 100 GeV
* o(1) =~ 45 fs for BY - J /¢ and BY - D nt decays * €5, ~97%fore,,, ~1—-3%

Very good momentum resolution: Data good for analyses

* 6p/p = 0.5% — 1% forp € (0,200) GeV * > 99%

* o(mg) = 24 MeV for two-body decays
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LHCb Trigger in RUN ]

LHCb 2015 Trigger Diagram

TURBO stream introduced in 2015

~ > <>

LO Hardware Trigger : 1 MHz

e S5kHz of 12 kHz go to TURBO readout, high Et/Pr signatures
e Only trigger information saved SRR PN

— smaller event, faster analysis , _ _
. Software High Level Trigger

Partial event reconstruction, select
displaced tracks/vertices and dimuons

e Used for high yield exclusive
trigger lines: J /3, D%, D, ... Pdetector calibration and alignment

of inclusive and exclusive triggers

o O O
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Integrated Recorded Luminosity (1/fb)

LHCDb Integrated Recorded Luminosity in pp, 2010-2017
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2017 (6.542.51 TeV): 1.71 /fb + 0.10 /fb
2016 (6.5 TeV): 1.67 /fb
2015 (6.5 TeV): 0.33 /fb
2012 (4.0 TeV): 2.08 /fb
2011 (3.5 TeV): 1.11 /fb
2010 (3.5 TeV): 0.04 /fb
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........................

Month of year
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Physics program at LHCb

* Not only precision measurements in b, ¢ sectors
- CKM and CP-violation parameters
- rare decays
- testing lepton universality
* But also a general purpose detector
- electroweak measurements: sinfy,, W/Z, top quark, ..

| - spectroscopy, exotic hadrons ]
- soft QCD

- heavy ions
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Experiment strategies

» Advantage: high production rates
* Challenge: reconstruct an unstable particle from O(10?) tracks

vV tracking
— excellent mass resolution

| V particle identification
Primary Vertex (PV)

— no. of combinations reduced
é Vv Vertexing

Secondary Vertex (SV)

— weakly decayed particles
— particles from b/c decays

2018/3/31 Y. Gao, Hadron Spectroscopy at LHCb 7



Study of charmonia as an example

EPJC 71 (2011)1645

NSNS

Né’ 4500 HCb

1000

J/y candidates per

———
25<y<3.0 E
3 <p,< 4 GeV/cT

7 TeV 5.2 pbt

P I
3000

rimary Vertex (PV)

M
3200 3300
M, [MeV/c?]

T BT
3100

2018/3/31

Entries / (10 MeV/c?)

Secondary Vertex (SV)
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Pull

PRL 119 (2017) 221801
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Charmed mesons + baryons

DS*) excited strange-charm mesons

- D]O(**) excited charm mesons —> backup slides

- Excited charmed baryons A, and 2.
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DS*) spectroscopy

e Strange-charm states studied widely to test QCD models

D};(3040)
D;(2860)
D:,(2700)
D, (2573)
D.,(2536)
D.{(2460)

States observed from B-factories and other experiments

D
° - States with unnatural spin-parity (J” = 07,1%,27,...)

2018/3/31 Y. Gao, Hadron Spectroscopy at LHCb
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DS*) spectroscopy

e Strange-charm states studied widely to test QCD models
- Inclusive pp » (DYK°,DYK*) + X mep10(2012) 151

D3,(3040) D%,(2573), D¢, (2700), D}, (2860)
D’;(2860)

) I LHCb | i}
D:l (2700) % 400_ I (c) 1 % 2000

. = i} 1.0fb™ 7 Tev ] =

D,(2573) @ 200 i . @ 1000
D (2536) % :

§ o S o
Dsl (2460) 3 ) :

D*KY invariant mass [GeV/c?] D°K* invariant mass [GeV/c?]

States observed from B-factories and other experiments

D,

- States with unnatural spin-parity (J” = 07,1%,27,...)
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()
D, J spectroscopy
e Strange-charm states studied widely to test QCD models
- Inclusive pp » (D*YK°, DOK*) + X vHco-paPER-2012-016

JHEP 10 (2012) 151

D,(3040) 1,(2573), D%, (2700), D}, (2860)

Dy;(2860) . Dalitz plot analysis B - DYK~r* reveals
D:,(2700) two states D;,(2860), D;5(2860)

D:Z (2573) PRL 113 (2014) 162001 PRD 90 (2014) 072003
D,,(2536)

D,,(2460)

States observed from B-factories and other experiments
Dy

- States with unnatural spin-parity (J” = 07,1%,27,...)
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Dalitz plot analysis B, - D°K m*

e ~11K signal events with purity 87% P (RO fezont

PRD 90 (2014) 072003

° Data
——— Full fit
——— K*(892)
.............. LASS
----------------------- K3(1430)°
------- D, (2573)

Dz, (2860)
———- DZ,(2860)

—_— 0-|"""" PP R
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DS*) spectroscopy

e Strange-charm states studied widely to test QCD models
Inclusive pp = (DYK?, D°K™*) + X 1Hep10(2012) 151

D,(3040) D%, (2573), D% (2700), D, (2860)

Dy;(2860) . Dalitz plot analysis B - DYK~r* reveals
D:,(2700) two states D;,(2860), D;5(2860)

D:Z (2573) PRL 113 (2014) 162001 PRD 90 (2014) 072003

Ds1(2536)  _|nclusive pp = (D*TK°, D*°K*) + X

D1(2460) D, (2536), D;,(2573), D1 (2700), D5 (2860), D;;(3040)
JHEP 02 (2016) 133

States observed from B-factories and other experiments
Dy

- States with unnatural spin-parity (J” = 07,1%,27,...)

2018/3/31 Y. Gao, Hadron Spectroscopy at LHCb 14



Inclusive analysis pp — (D**K°, D*°K*) + X

 Resonant contribution seen due to D;,(2536),D;,(2573),D;,(2700) and
ngg (2860), weak evidence of D;] (3040) JHEP 02 (2016) 133

» Angular distribution reflects the spin-parity assignment

sin%0y Natural Spin-Parity DS*) - DK
rest frame

1 + hcos?6 Unnatural Spin-Parit
H P Y 0y angle between TK

~ <0000} o 1400f ' ' ' 12 S0 ‘ ‘ T ]
£ 20000 H LHCb é sooof S 1200F : g 5000f- —+— 3
® + = § 1000~ 1 = s000f E
~ 500 = 6000k = E ] % L ]
g - s00F E 3000f E
3 15000 1.0 fb! 7 TeV 4000f 600F- 3
E I LHCb ] ; LHCb ] 2000F LHCb E
S 2.0fbl 8 TeV f wof  @D,@s36" ] 0p iy ; - (@ D; 2700y \ ]
0 y [ ] 200F (b) D,(2573) = 1000 3
10000 2600 2800 3000 3200 3400 0,-1 "y 0 05 ] (): . L L I ] o4 1 L L 4
' ? cosd -1 05 0 05 1 -l ~05 0 0.5 1
" cosf,, cosf.,
= l()()(): T T T E ’\: 2500 T
50001 | o 900 ] S LHCb
S 800F E 8 2000§ *
< o g (¢) D,,(3040)
obiic = ggg 2 1500
2600 2800 3000 3200 3400 1400 E E
s 0 E E 1000
m(D Ky [MeV] w0 LHCb ] g
+ 0.+ 0 + 100, + (b) D5(2860)" : 500F
* - g 1 1 1 i
D - D T ) D = K T Sample o -0.5 0 0.5 1 |
cos@,, -1 -0.5 0 0.5 1
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Possible assighnment of D

* Recent theory predictions

S. Godfrey, I. T. Jardine, PRD 89 (2014) 07204

« Two states observed by LHCb 1800
could fit into the 1D states

e At least three more states
expected up to 3 GeV/c?

2018/3/31

()
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states

lso 381 3P0 Pl
JP= 0717 0F 17
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e Status

llgk) spectroscopy

B.Chen, K-W. Wei and A. Zhang, EPJA 51 (2015) 82

— experimental observations / nonrelativistic heavy quark-light diquark model

— 3000
> o

< 2900 _1D.527

% 2800F 1D, 32"
= 2700

T TTT

1P, 3/2°

2600 -
1P, 1/2

2500

T[T

2400
2300

2200

1S, 1/2*

A,(2880)"
?

A,(2625)"
A,(2595)"

Liiay

states seen with confirmed properties
A-(2765) or X,
threshold structure near 2840 MeV

A(2940) D*N molecule?

« B(A, » D°prr) measured with 1fb™ pro 89 (2014) 032001
Amplitude analysis with 3 fb-1 JHEP 05 (2017) 030

2018/3/31
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Candidates / (5 MeV)

Amplitude analysis Ay, —» D%pm™
LHCb-PAPER-2016-061

. . JHEP 05 (2017) 030
e Clean sample with ~11K signal events

[ (]
DL LR B NN 14 E
BOOE e A)—=Dprr % NN % 12§
1600 " & Part. rec. bkg. E 12 = 9 11
1400  fi oo Comb. bkg. — —~ E
E 10 10E
1200 R R 10F
s -1 :
1000} 1.0 fb? 7 TeV < gk & 9F
800; E 6 E 8
600 \ ; 7
400F 4§ 6F
2005 :
E KSR TR 3T 2 x >
5910J0‘ ‘5500 5.60‘0I '5'70'0' .5.800 5900 \ ] Ey
0 | ! L L L | L L L L | 4  ———— > h L
MDpr”) [MeV] 10 2(2) 0 302 2.8 2.9 0 3
M*(D'p) [GeV~] M(D'p) [GeV]

fit in different phase space regions to reduce complexities

Phase space region
Yield Full 1 2 3 4
Ay — DYpr— 11212+ 126 2250 £ 61 1674 +£46 3141 +63 4750479
Combinatorial 14024 + 224 4924 £+ 132 968 =78 2095+£96 4188 £ 127
Partially rec. 4106 + 167 1344 + 96 321 £ 64 691 £ 75 1204 + 96
Signal in box 10233 2061 1500 2803 4261
Background in box 1616 598 89 192 427
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Amplitude analysis Ay, —» D%pm™

+

A.(2880) ]P=§ confirmed

m(A.(2880)") = 2881.75 4+ 0.29(stat) + 0.07(syst) )35 (model) MeV,

['(A.(2880)") = 5.4370-T7(stat) + 0.29(syst) 550 (model) MeV.

+
- 1.(2860) ]P=E confirmed

m(A.(2860)T) = 2856.1120(stat) + 0.5(syst) "} ¢ (model) MeV,

['(A:(2860)%) = 67.67 5%  (stat) & 1.4(syst) T35 (model) MeV.
3~ 3t 57 5%
« A,(2940) JP = > favored, (5 ,5 ,5 ~30)
m(A:(2940)T) = 2944.8132(stat) + 0.4(syst) T s (model) MeV
['(A.(2940)%) = 27.7183(stat) 4 0.9(syst) T2, (model) MeV

Im R(3/2%)
— N W B

Argand plot —

Breit-Wigner —

2020 0 0
2018/3/31 Y. Gao, Hadron Spectroscopy at LHCb
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Candidates / (0.004 GeV)
=

LHCb-PAPER-2016-061
JHEP 05 (2017) 030

—— A2880)"
— A(2940)"
NRD{,p(1/2_)
........... NRDUP(I/Z_)
........... NRDr,p 372)
--—- A2860)"
----------- NRP,,-(I/T)
----------- Background

8 285 29 295 3

O

M(D°p) [GeV]
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Observation of exited €, states

PRL 118 (2017) 182001

* Excited A}, X, =, states have been reported but no excited 2!
states were observed before LHCh

* 3fb1Runl+ 0.3 fb?Run Il pp collisions data

* Decay: Q30 - EX K™, Ef > pK m*

980000"|"'|II\||||||
) | o = 7 MeV
> | Purity = 83% LHCb
= 60000+
p,K™,m* 3 '
s I
ie)
< 40000
% L
Cabibbo suppressed © I
decay, but much higher 20000_
reconstruction
efficiency ol 1.

P TR NS NN TR N R N
2440 2460 2480 2500
m(pK “7*) [MeV]
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Observation of exited €, states

PRL 118 (2017) 182001

* 5 narrow states & evidence for 6" broader state at high mass

Resonance Mass (MeV) I' (MeV) Ng= Jax?
2,(3000)° 3000440240172  45+06+03 204
2.(3050)° 305024 0.14£0.1792  084+02+£0.1 204 S i Coor T ]

< 1.2MeV,95% CL < 400 LHC]? —
2:(3066)°  3065.6+0.1+0.3%02  35+044+02 239 — - +EK -
2.(3000)° 3000240340502  87+£1.0+08 211 < " Backeround |
0.(3119)° 31191 +03+09%93  1.1+£08+04 104 8 3001 Feed-downs ]

< 2.6 MeV,95% CL S E{ sidebands -
2.(3188)° 3188+ 5 £13 60+ 15+11 6.4 g 2001 7

S 7
Feed-down [ M
IOOF';”
Even at the most powerful particle accelerator '
on Earth, the discovery of a new particle is a big
deal. Finding five new baryons in one go, as the 0 3000 3100 3200 3300
Large Hadron Collider beauty experiment m(Z'K") [MeV]
(LHCD) has done, is truly historical.
- _ Feed-down: 00 - K~E/Y EF - yEL,
- Matteo Rini Physics —t 1 — .
m(Z7 K~) mass peaks shifted
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Observation of exited (). states

PRL 118 (2017) 182001

* Matching between observed peaks and predictions requires spin-
parity information: studied with three-body decays or in decays of

heavier baryons
See backup pages for the references

T 35 :
~~ — —
> 3.4 - E=X1 -
= Q,,(2P) 3
8 33F aD T ey 2P T =
o~ : c2 :
wn 32 — ch(lD).Od(lD)Ocz(lD)o o —
A - \ =2(P)g (1p) Ja.6uoy
§ 3 1;%\&::::::::::::::::::::::::::::::::x_?cz@t—;gigéégig
== qa?(fs)"'-::-/:'-:::---':::::::::::::::::::::d(gggg)o
E oos . el zgg ___________________ _ 446050
2.9 ;_ cl .ch _;
28F =
= 7 E
2.1 EEA o —
- Q, =
2.6F -
s S p P P P P D D D D D D
jqq' 1 1 0 1 1 2 2 1 1 2 2 3 3
g Ir 3 rr r 3 3 5 I+ 3F 3F 5 5 T
2 2 2 2 2 2 2 2 2 2 2 2 2
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LHCb-PAPER-2017-042

ATLAS, PRL 113 (2014) 212004 o o
§ IZO;LHCb 27!
E 100 fs=8TeV
Data  Signal events & wf
& 60|
7 TeV 100 =23 NATLAS § ¢
2 oF
8 eV 227425 Bc R
20
e = 7000 7200 6800 7000 7200
[ Lat=1021 ] M@B:m*m) [MeV/c2] MB:m*m) [MeV/c?]
140 5 s=8TeV E (a) MLP category: (0.02,0.2) (b) MLP category: [0.2,0.4)
> 120 | -
[ C -
b= E ]
g "L E g @ T sE
~ C B > £ = E LHCb 2!
2 S s . E E‘ 50F E E f5=8Tev
S B0E  orraanay 3 = F = E
w C ~ 40 ™ E
40 = Z F = 5E
20 [ 0=50+8MeV 3 § 30; § 3
F E |k S .
B 1 -g 20F 'E: E
5800 6000 6200 6400 6600 6800 < F < E
My MeV] O 10 ;7 @] =
6600 6800 7000 7200 - 6800 7000 7200
M@B;r*m) [MeV/c?] M@B;r+m) [MeV/c?]
ch (ZS) - 6842 i 4 i 5 Mev (c) MLP category: [0.4,0.6) (d) MLP category: [0.6,1.0]
5.20
NLHCD8TeV — 3375 4 73
c 40 LI T LA L B B B — LI
3 }‘T’-‘S Qgre = e M\‘;V 350 ATLAS Q, = 288+ 5MeV ¢
16 } Gg .= 1814 Me . ——— S — :
E|Ldt=49" B:nn B 4 Op = 1824 MeV a T T T T 7
3 MET =TTV Ngrr=22£6 > %0 J‘Lé;;?l.':\;b Ngrn =351 13 § 900 LHCb 2 ! E
2 qpp ® Daa 2 e Data o 800 Vs=8TeV E
8 = xvoﬁg?ﬁgrt}grngse o m  Wrong-charge 2 700 3
E 10 E_ % combinations I —4— Data g
§ 8F g 600 —— Total fit E
e it g 500 B Iyt E
4E g 400 B B JyKT
2E 'g 300 JEEEY - Combinatorial 3
00 100 200 300 400 500 600 700 100 200 300 400 500 600 700 O 200 3 L _E
m(B_m)-m(B,)-2m(m) [MeV] m(B,nm)-m(B,)-2m(r) [MeV] 100 d ety 3
N P I Nt
0 6200 6300 6400 6500

M{J/yr*) [MeV/c2]
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LHCb-PAPER-2017-042
JHEP 01 (2018) 138

O (%)
R = B @57 .B(BW(28)" — BWTatr)

O gt
B NBé*)(2S)+ EBf
© Ngr o egeias
Vs =T7TeV Vs =8TeV
ATLAS (022 +0.08 (stat))/s;  (0.15 & 0.06 (stat)) /es
LHCh - < [0.04, 0.09)

£-, £g: relative efficiencies of reconstructing Bg*) (28)* wrt B}

* ATLAS did not publish &7, £g
* More studies needed to resolve the large tension
between ATLAS and LHCb.
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2018/3/31

Tetraquark States

- X(3872) - backup slides
- Z(4430) -2 backup slides

- X~ /Y
- X(5568)?

Y. Gao, Hadron Spectroscopy at LHCb
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X-J/Ye

* Narrow structure in J /Y ¢ discovered by CDF, confirmed by DO
and CMS. No evidence by BaBar/Belle/LHCb(0.37 fb)

PRL 102(2009) 242002 PRD 89(2014) 242002 PLB 734(2014) 261

NQ 9 E CMS, Vs =7 TeV, L=5.2fb™
S 8 - DORunll,104fb" +Data (c) T e T
Q5 CDF 60 - — Full Fit = F CMS —— Global fit E
= 3 || DO X 8% e Ty S o)
© 6 = | -~ X(a140) ~200f k- Eventmixing (Jiv, &, K7
E 5 Q 4or -~ X(4330) gzn, g R Event.mixing (J/y, 0 K) ]
Qo ~ I ) - PHSP Rl 1 + E
5 4 - " wlh uAh Nz
3 5 z 20 ] { | { IRFLEN _
© - 3 50l B LT RS
% 2 0 T Ay :‘.l ! 1 ‘. .l . £ ‘72'9?.%“ + + - ) :
O 1 4.2 4.3 4.4 4.5 oA qE
MJ/yK*K) (GeV) B K S I Y-
0791 12 13 14 15 Am [GeV]

AM (GeV/c?)
| |Mass[MeV] | Width[MeV] |Sig.
CDF  41434%33+06 153%3%*+25 >G50
DO 4159+43+66 199+126%3°% 30
CMS 41480+24+63  28%1%+19 50
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Exotic states in BT — J/YpK™

e LHCb perform full 6D amplitude analysis

LHCb-PAPER-2016-018
PRL 118 (2017)022003
LHCb-PAPER-2016-019

120

100

Candidates/(10 MeV)
IS o ®
S S S

[393
(=]

300

[SS]
(=]
(=]

Candidates/(30 MeV)
o
(=)

@
S

100

50

+ + —— total fit
+' —— background

—a— data

PRD 95 (2017) 012002

—— I"NR

K(* )

K'(1%
—— K(2)+K'(2)
——K'()
—— K'(2%
® ——K(©)
== 1'D{D; ¥ cusp
of =1"X4274)
H 2 0" X (4500)
ol 444 0% X (4700)

L 0" NR,,

7 2200 2400
My [MeV]

* 4 peaks are observed with X(4140) wider than CDF/DO/CMS

Significant larger at LHCb

CDE/DO/CMS _ 15 7 + 6.3 MeV

)

State Signif | JFC M [MeV] I' [MeV]
X(4140) | 840 | 17+ [ 4160475 | 834 21+%
X(4274) | 5.80 | 1+t | 4273+ 84" | 56 & 1117,
X(4500) | 6.1c | 0F* | 4506 £ 11717 | 924+ 2113, 28
X(4700) | 5.60 | 0FF | 4704 + 10155 | 120 £+ 31132
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Tetraquark searches in B ™

* DO announced a new state X(5568)% — B mr® pri117(2016) 022003
- significance of 5.10

) 09 (syst) MeV/c?
I — 219:&64( )t"

Y (syst) MeV/c?

I\L‘

- high production rate

2000 - , DORunIl, 10.4 15
o
> r
R0 = o(pp—X-+anything) xB(X—BIm) Ol Nev = 5582 + 100
X — 0 o
o(pp—BY+anything) DO Acc. %1000
O 5ok
(8.6 £ 1.9 + 1.4)% 2 wof
0:_ Loy B Rl Rl , SRR
4.8 5 5.2 54 5.6 5.8 6
m(J/y 0) [GeV/c?]
2018/3/31
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Tetraquark searches in B ™

LHCb-PAPER-2016-029
PRL 117 (2016) 152003

* Very large and clean B sample at LHCb

6000 ~ . T T T T Tt .
LHCb Preliminary (b)

° e m ° E
> E P LHCb Preliminary (a) 1 > 9000~ E
= 5000 3 S 80001 -
() C 3 (3 E =i
@ B -+ ] § 7000¢ [0 E
2 4000— D . — 2 E J a0 E
g o s T 166k - oo J/U Q2 46k ]
2 3000/~ = ? 5000£ =
S c S 4000F- =
20000 ¢ = 3000 E
- * - E |
E ; : ] 2000F- =
1000 — ,’ % — E E
3 1000F- 3
E . 3 E . E

5300 5400 5500 5600 5300 5300 5400 5500

m(D,m) (MeV/c?) m(J/yo) (MeV/c?)

e Add a pion, no peak observed at 5568 MeV

% 180 E_LHCb Preliminary (a) [ [ p— _g ;:250 :—LHCb Preliminary - Claimed X(5568) slate_:
= 160— l:lcamblnatorial — g C ]
E, 1a0F- r — < i I:I Combinatorial ]
2 < = 200 -
E:;‘:Resolutlon on mass < 1MeV J_ S LHCD _ g 605
2 ""EBW + poly bkg i 8 1500 X E
S 8 h S C ++ + ]

oE- 8 r 5

aof- S 100— } + 3

nE : :
I i 50— T+ =
=] F ]
o o Lo b L L L L b L L]

5520 5540 5560 5580 5600 5620 5640 5660 5680 5700

5520 5540 5560 5580 5600 5620 5640 5660 5680 5700 m(B2rr7) [MeV/c?]
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Tetraquark searches in B ™

LHCb-PAPER-2016-029
PRL 117 (2016) 152003

* Upper limits

o(pp - X + anything)xB(X - BIr*)
o(pp — B? + anything)

LHCb —
X —

LHCb Acc.
_ NX) y 1
NED T edx)  €(X) = e(X)/e(BY)
BY - D;nt BY = Jko Sum

N(BY) BYpr > 5GeV/e (10°)  66.3+0.3 163+0.2  112.6+04
N(BY) B pp > 10GeV/e (10°)  30.140.2 14.1+0.1 44.240.2
N(X) B{pr> 5GeV/c 23+ 55 —15+37 8+ 66

N(X) B] pr >10GeV/c 70 + 48 11430 81+ 57
eI(X) BYpr> 5GeV/c 0.141£0.002  0.102£0.001 -
el(X) BY pr > 10GeV/e 0.239+0.003  0.2300.003 —

PH(BY pr > 5GeV/e) < 0.009(0.010) @ 90 (95) % CL,
PP (BY pr > 10GeV/e) < 0.016 (0.018) @ 90 (95) % CL.
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Tetraquark searches in B m

LHCb-PAPER-2016-029
PRL 117 (2016) 152003

* Use similar selection criteria as B, — B, consistent result

e Similar selection on B

%2000 I B.(5747)- B+ —
> LHCDb Preliminar [ B.(5747) - B'(B*)n* 3
é’ 1800 y B B(5721)— B'(B%)r =
o 1600 Combinatorial _
51400 —
2 =
% 1200 =
= -
©1000

S E AT TR e g
O 800

Pull

100 150 200 250 300 350 400 450 500
m(B°r+)-m(B°)-m(7wt+) [MeV/c?]
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2018/3/31

Pentaquark States

Observation of P.(4450) and P.(4380)

Model independent confirmation
P;sin A, — ] /ppm”
Observation of /12 = Xc12PK™
Observation of £, — J/YAK™

Search for weakly decayed pentaquarks

Y. Gao, Hadron Spectroscopy at LHCb
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Event 251784647
Run 125013
Thu, 09 Aug 2012 05:53:58

Ap — J/QL’IDK

Event 251784647
Run 125013

Thu, 09 Aug 2012 05:53:58

PP
collision point

Ay

decay point




Observation of pentaquark states

LHCb, PRL 115(2015) 072001

» Two pentaquark states observed in AY — J/ypK~

—a— data
t —e— total fit
background
R P
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Discovery of pentaquark states

. . . LHCb, PRL 115(2015) 072001
 Amplitude analysis reveals the properties

P.(4380)* P.(4450)*

JP %_ %+ 1 rest frame Ay rest frame - 9,-%
Mass [McV/c?] | 4380 £8+29 44490.8+ 1.7 +2.5 P Y A
Width [MeV] | 205 4 18 + 86 39+5+19 T et B

I ifi q)-gu;n ‘ 1‘69 fame i - /
Significance 90 120 TP, rest f /W

S/
* Confirmed by a model independent analysis b frame
LHCb-PAPER-2016-009
PRL 117 (2016) 082002

. . LHCb-PAPER-2015-032
Production & decay Chin. Phys. C 40 (2016) 011001

B(A}— PF(4380)K 7 )B(PF — Jipp) = (256 £0.22 £1.28 T 5:32) x 107°
B(A)— PF(4450)K " )B(P} — Jipp) = (1.25 £0.15 £ 0.33 T 32) x 107>
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A*'sin A - J/YpK~

e 2 models for A* — pK~ contributions based on PDG
- Extended model allows all LS couplings of each resonance,
and include poorly motivated states — 146 parameters

- Reduced model uses only well motivated states — 64 parameters

- Other possibilities checked, including isospin violating decays of
>*0s adding two new A* states with free mass & width,
non-resonance contributions, ..., would not change the conclusion

-> Confirm that conventional pK~ contributions cannot describe the
data, with minimal assumptions on their spin, and no assumptions on
their number, shapes, masses, widths, and interference patterns.
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Model independent analysis

* Can P_’s be explained by the reflections of A*'s ?

Resonances in this channel only?

Events/.02 GeV?

2
Vv p

6
mz, Events/ 0.02 GeV?

Ccos0 -
cos(0,.)

(mlz/tlm ,Mic,) =
(mg, , cos6,-)
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Model independent analysis

LHCb-PAPER-2016-009
PRL 117 (2016) 082002

* The distribution of cos@,- as a function of m,, can be
decomposed as

lmax

dN
dcos6,: (Myp) = Z<P?>(pr)Pl(C059A*)
1=0
U ! dN
(Pz )(pr) = J_ldcosem P;(cos6,-) dcosd.. (pr)

Legendre fun. Eff. Corrected data

* Generally l,,;5x = ©
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Model independent analysis

LHCb-PAPER-2016-009

l PRL 117 (2016) 082002
dN max U
Toosg— (Mkr) = . (PY)(micy)Pi(c0s8,)
[=0

* Ifonly A* - Kp contributions

' nax < 2/ max
Mmegy, @ gzeoog— —

m]/lpK l m]/l[)p 2000:

1800

@ 1600f

1400

K
N
3
T

|
||

)

[N

=)

=)
|

|

] I LI
[S—| |
e 1 —

D1l

R T
1l
Il

[——ly
——

-

:

Determined by model & scattering data 1200F
- the only model dependent part of the analysis 1000_

1_+
2

NIW
N
Nl
NS
I\)|\+I
NN
NI©
iy

9+
2

|
N |\ NI=

1 | 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I
2 4 6 8 10

2°J-P-32 or Ipul pr)
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Model independent analysis

LHCb-PAPER-2016-009

l PRL 117 (2016) 082002
dN max U
dcos0,. (TKp) = 2“’  )(Mip)Pi(cosO,:)
[=0

* Ifonly A" = Kp contributions

'l Imax < 2/ max

(3 ifm Kp < 1.64 GeV
5 if 1.64 < mg, < 1.7TGeV
myyk my /yp lmax = X . - r
l 7 if 1.7 < mg, < 2.050 GeV
> 9 if mg, > 2.050 GeV

* Resonances from J/Yp, J/WPYK may have
contributions to higher orders
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Model independent analysis

LHCb-PAPER-2016-009
PRL 117 (2016) 082002

Legendre moments from simulation & data

simulation

data

xIIO" T rx}o' L B R |105 T q T ! T SR ' 1
100f + 1 1 +
. =1 =2 [=3 1000F ** 40, [=1 % =2 % [=3
N o e * L
50F | T ] 500F v, JRITWN N
o N e 0| So0ee Lt £ - “nv +22.a00 200
0 ".V ________ T P + .
I ; ! — e ! 1 -500f$ b ol 1 1
100} ' ' 1 ' i . H . i
=4 —A¥s =5 I=6 1000f - I=5 ;
o L P(4380), 1 =
?: N PL(4450)+ . g 500F g
0 e . > ‘ ..... - — L — ~ Oﬁ% ¥ Fov .++¢¢ ’Am'ov EiLeoa
- |l simulations | :f AU LHCb
} - } - ——— } f ~ 500k, il NN
M ! 1=8 | 1=9 | A b P
=7 = = 2~ 1000f - I=8 ]
sof Q\.',
500F -
ol — Olohs ++6+¢Y¢
H = e
; ; } — ; ——]} -500F, | I
100f L . -t
=10 =11 1=12 I=
1000F 3 =
sof
500F 3
R — 4 = O sHhpretsgeon: S madaan s
T E— 7 ——— s S00EL L
My, [GeV] m,, [GeV]
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Model independent analysis

LHCb-PAPER-2016-009
PRL 117 (2016) 082002

* Construct Hypothesis from measured Legendre moments
-Hy: A" > pK only, | <l
- H4 : allow contributions from high order moments up to 31

> 1000 =
3 1000F #
s $
< 800{— T LHCb
=t SR
= b $ ‘
600_— *"* ¢ i+
H, rejected at wb A . N
~10 0 : 0
200~ H4
04 I v R V'S S E

5
my, . [GeV]
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Study of /lg - J/Ypr~

LHCb-PAPER-2016-015

. . . g PRL 117(2016) 082003
e Cabbibo suppressed mode with less statistics (2016)

* Exotic Z contributions in J/Ym
* Fit with 2 pentaquarks + Z.(4200) favored by 3oc compared to

no exotic contributions — s
3 OF ) LHCb
= 35 — Data E
S 30f —— RMN*+Z+2P, ]
w 30E Y e EM N* E
% 25F QN P(4450) E
T _f . > P.(4380) I
©20F ]l e Z.(4200) .
> 15F | 15 E
105_ \: i Myy > 1.8 GeV
E = . Q :\\ '.:o:. . N
C .If \.\\\. l...". ® oed T
0] e i
4.5 5

My [GeV]
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Observation of /12 — Xc12PK™

Study with radiative y; — J/¢y decays

LHCb-PAPER-2017-011,

. . . PRL 119 (2017) 062001
Pc(4450) closeto y.q4p threshold, triangle singularity ?

Guo et al., PR D92(2015) 071502

Mass constraint on y .4 to improve resolution, forces y.» to lower mass

First observation of this mode,

full amplitude analysis foreseen §

L

with RUNII data added in >

g

B(/lg — XclpK_) :j

— 0.242 +0.014 + 0.013 £ 0.009 Z

B(A) — JippK~) 5

B(A? pK ™) 0
Uy = XeabR 1) ) 948 +0.020 4 0.014 £ 0.009

B(A, — JAlpdc)

—— o ——

— —-——_____~

- —
- - o

-

-~ -
-~ . — -
e o - ===

Suppressed in B = x.;K decays

2018/3/31 Y. Gao, Hadron Spectrosco

7T rrrrr1rrr . rrr— |1 T rrr

180
LHCb ?
160 {
140 (a) \
120 A—x K §
100 A,,’—),‘( _,[’K \§\
—-Comb. ~ \
N
80 R\\
\
60 \
40 | \
20 B

PR SRT BT T

NN\
5450 5500 5550 5600 5650 5700
m(y pK ) [MeV/c?]
Belle, PRD 78 (2008) 072004
BaBar, PRL 102 (2009) 132001
LHCb, NPB 874 (2013) 663
py at LHCb
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Observation of E; — J/YAK™

LHCb-PAPER-2016-053
PLB 772 (2017) 265

* Look for udscc pentaquark in this mode wuetal, PRL 105 (2010) 232001
Chen et al., PRC 93 (2016) 065203
* First observation with RUNI data

« ~300 candidates seen 40|~ — Toual f LHCD
o ;';;30‘;?1 Adecays |
— = - A In vertex |
I By — IhvAKT) —(4.19+0.29 + 0.15)x102 £201 comb. bl detector -
o BA) — JhyA) S 0 1
g #, }
m(Z;) —m(Ap) = 177.08 £ 0.47 £0.16 MeV/c* S — ——t——t
2 I
( one of the two world best measurements) %’80;— A decays I
g 60? after vertex
040: detector
* Fullamplitude analysis foreseen with | |
' T T
RUNII data added in Ol

m(J/wAK") [MeV/c2]
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Searches for weakly decaying

LHCb-PAPER-2017-043

b-flavored pentaquarks arXiv:1712.08086

e Skyrme model prediction on pentaquark state: the heavier the

constitute quarks, the more tightly bound the pentaquark state
PLB 590(2004) 185; PLB 586(2004)337; PLB 331(1994)362

» Search for masses below strong decay threshold

¢
Mode Quark content Decay mode Search window _,__@::c};[/w

I bduud Pho, — JWWK n~p  4668-6220 MeV _\S‘i}f
11 buudd P, _— JW K7~ p 4668-5760 MeV _’\3 T

— T —_—— g
111 bduud P/T‘%ﬁ — JAp K~ nmtp  4668-5760 MeV —dfP

—_ b
vV bsuud Pgop — Jhpdp 5055-6305 MeV

Candidates/(4 MeV)
Candidates/(4 MeV)
- = v

=

jas}

Q

o

* No evidence observed (yet)

(((((( 5500 6000
m(J/yK 7 p) [MeV]

Upper limit set on relative o XB
as a function of P masses

es/(4 MeV)
- oo

Candidat

s/(4 MeV)

Candidate

5000 5500 5500 6000
m(J/y K x*p) [MeV] m(J/y ¢ p) [MeV]
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Prospect: RUNI+RUNII

e Data samples
-1fb1 (7 TeV)+ 2 fb1 (8 TeV)
- ~6 fb1at 13 TeV with o, (13TeV)/0,;(7TeV) =~ 2

» A far from completed list benifited from full RUNI+RUNII data
- search for excited B, states
- precise my 3g72) — My(2s), New decay modes
- properties of £} lifetime, production cross-sections,
new decay modes, ...
searches for £/, 2/, E} ., Eb. ...
JP of P.(4380) & P_.(4450), new decay modes
amplitude analysis A) - x.12.pK~, cusp?

amplitude analysis £, - J/YAK~, new pentaquarks?

2018/3/31 Y. Gao, Hadron Spectroscopy at LHCb
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Spectroscopy with the upgraded LHCb
LHCb will be upgraded in 2019, software trigger with 40MHz

40 MHz readout " Muonchambers

& nel s, readou e
software trigger i : more shielding, upgraded
: readout electronics

Calorimeters

reduced PMT gain, new

SciFi Tracker
new pixel detector Upstream Tracker scintillating fibres

silicon strips

* Allow PID at the trigger level — great increase (~2x) of trigger
efficiency on full hadronic final states

* A new computing approach to data-analysis is heeded
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Summary

e LHCb has made important contributions to the
knowledge of hadron spectroscopy

- Observation/study of excited B(D)mesons & b(c) baryons

- Observation/study of exotic states
- Discovery of doubly charmed baryons

e Stay tuned with new results from RUNI+RUNII

e Spectroscopy at the upgraded LHCb is challenging and
promising
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D;)(**) spectroscopy

400 E T T I I I T T I T T 1
200 - - | =

3
3

e Similar for D;)(**) spectroscopy

Mass (MeV/c?)
&
8

* Recent theory predictions

S. Godfrey, K. Moats, PRD 93 (2016) 034035 2200 3

* |Inclusive studies 1500 F :

—
(o
S
S

e+e_ pp - D(*)+n_X IS0 3Sl 3PO Pl 31:)2 3D1 D2 3D3 3F2 F3 3F4
’ JP = 0= 1= ot 1t 2t 12— 3= 2f 3t 4*F
BaBar, PRD 82(2011) 111101  LHCb-PAPER-2013-026
JHEP 09 (2013) 145
Dalitz plot analyses
LHCb-PAPER-2014-070
B® o DOt PRD 92 (2015) 032002

BO N 50K+n.— LHCb-PAPER-2015-017
PRD 92 (2015) 012012

* New states

some have unknown J¥
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[GeV?]

max

mA(D*1)

Dalitz plot analysis B~ - DYm 1™

e ~28000 events with 1% background

24F
nf
20f
18
16
af
12F

1.0fbl 7 TeV -
2.0 fbl 8 Tev—
LHCb E

0f | |
s w015
m(D*m) [GeV?]
Resonance Branching fraction (10~%)
D}(2460)° 3.62 4+ 0.06 £0.14 + 0.09 £ 0.25
D% (2680)° 0.84 £0.06 £0.07 £ 0.18 £ 0.06
D3%(2760)° 0.10 £ 0.01 £0.01 £ 0.02 £ 0.01
D3(3000)° 0.02 £ 0.01 £0.01 £0.01 £ 0.00
D} (2007)° 1.09 £0.07 & 0.07 £ 0.24 + 0.07
B 0.27£0.10£0.14 £ 0.16 £ 0.02

Total S-wave

5.78 £0.08 + 0.06 £ 0.09 + 0.39

2018/3/31

Candidates / (28 MeV)

10°

10°

10E;

LHCb-PAPER-2016-026

PRD 94 (2016) 072001

—_— //\\
\ 7 N E
v, ! ~Z 0\ I S
3.5 4 45, 5
mD ) [GeV]
Data e D3(2460)°
Total ~  -emeeee D;(2760)"
Background B}
DH2007)0 s D3(2760)°
------------ Dr S-wave - D;(3000)0
52

Y. Gao, Hadron Spectroscopy at LHCb



Possible assighment of D

(’\l-\ 3400 F T T T T T T T T T T ]
S 300F | =
< 3000 — .
5 2800 = ———— | =
2 C -
2400 F —_— -
2200 -
2000F — -
1800 -
1600 E 1 1 1 1 1 1 1 1 1 1 3
's, ’s, *»p, P °p, D, D, ‘D, °F, F; °F,
JP= 0170t 1t 2t 1= 2— 3= 2F 3t 4*
/ - T
\ /
/ - T
\ /
, —— T =~ \ , - - =~
\ / \
2018/3/31

Mass (MeV/c?)

JP —

3400
3200
3000
2800
2600
2400
2200
2000
1800
1600

0(**)

states

|
|||
|

|

|

||L

», P, %, », D, D, °F, Fy °F

’s

1)

0 4

0- 1~ 0t 1T 2F 1= 2737 2% 3+ 4F

1

(TP ) (o)
G )

(D(2550)(D @1 (2430)9 " ) : :)

D,(2740)° ) .
D,(3000)°
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Candidates per 1 MeV

X(3872) quantum number determination

* Re-analysis using 3 fb~1 of data without L, assumption

160~
140~
120~
100~

80~

60

Use 1011 +38 BT — XK ™,

t X — p%Jfp decays

780 800 820
AM = M(m*mJhy) - M(JAy) [MeV]

JI’C

Minimal L value

07+
O++
1 t
]_1 1
2 t
24 1
37+
3t+
4—+
4++

Brs

Any L value

B B
By, Bao By
Byo, B11, Bia, Bz

Byy, By, By By,
By, Bia, B3y, Bys By,
Bya, B, Ba1, Bz, Byz  Boo

B127B307 B317B327B52 B12

82178227 B417B42 BZlv
8317 8327 B5l7 B3Z Blflv
B227 B4()7 B4l7 B427 B(SZ BZZ

vB12

B22
BL%Z

Bl()v Bll- Bl2

]PC — 1++

D-wave fraction < 4%

Parity-allowed LS couplings in

X = p° I
2018/3/31

confirmed

Candidates / 0.2 Candidates /0.2 Candidates /0.2  Candidates / 0.2

Candidates / 0.2

LHCb-PAPER-2015-015
PRD 92 (2015) 011102 (R)
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X(3872) = J /Yy, Y(2S)y

LHCb-PAPER-2014-008
NPB 886 (2014) 665

* Analyses using 3 fb~! of data

1500 s0;
C B . | . -
Z 1000~ 2 -
é 500:— é
Myp(28)y K+ - [GeV/c?] .
401
< © wf X(3872) - yp(2S)y
- . | 4.40 evidence #
; S = acka
O O E ++ e %_-—_-.—____
O 39 4
M(28)~ [Gev/e?]

* An important ingredient to reveal the nature of X(3872)

B(X(3872) — w(2S)Y)
B(X(3872) — J/yy)
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Z(4430)"

Belle, PRL 100 (2008) 142001
Belle, PR D80 (2009) 031104

» Originally found by Belle in B® — 9 (28)mt™ K™ seli, r pss (2013) 074026
 BaBar could not confirm sagar, pr 079 (2009) 112001

e
- 45* | e=a- Ilzlal cosQK I ' : i
NQ . 0o —— W(2S)m'K moments
> 40 == J/ynK moments }
@ C
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e LHCb full amplitude analysis using 3 fb~1

m=44754+7 122

r=172+137%3/

« JP = 1% is confirmed
* Argand plot shows a clear
resonance featu re

Z(4430)"

LHCb-PAPER-2014-014
PRL 112 (2014) 222002
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Amplitude analysis of /12 - J/YpK

LHCb, PRL 115(2015) 072001

» Allows for A" — pK ™ resonances to interfere
with pentaquark states P~ — | /Y p

A, rest frame

A Rk ek
4 P~ Ap

Ab - ]/lpA ’ / , .'}J.‘ 5 0" A rest frame
A* N p K_ W rest frame
M
A,
[.LAB frame

. A, rest frame _
 rest frame r O-T

A(I)J — PC+K—; — ,vall "
P — J/Yp ey —

. Q- P rest frame
» Independent variables: ‘I>/A
m(pK ™) and 5 angles =» 6D fit Lo
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Amplitude analysis of /12 - J/YpK

LHCb, PRL 115(2015) 072001

* Two models to deal with A* — pK contributions
State JP o Mo (MeV) To (MeV) Red. Ext.

A(1405) 1/2— 14051713 505420 3 4
A(1520) 3/2~ 15195+1.0 156+1.0 5 6
A(1600) 1/2* 1600 150 3 4
A(1670) 1/2- 1670 35 3 4
A(1690) 3/2~ 1690 60 5 6
A(1800) 1/2- 1800 300 4 4
A(1810) 1/2% 1810 150 3 4
A(1820) 5/2% 1820 80 1 6
A(1830) 5/2- 1830 95 1 6
A(1890) 3/2* 1890 100 3 6
A(2100) 7/2- 2100 200 1 6
A(2110) 5/2% 2110 200 1 6
A(2350) 9/2% 2350 150 6
A(2585)  ? ~2585 200 6
64 146

Last columns show number of parameters are left free. Masses and Width are fixed.
Red.: Reduced model (fast). Ext.: Allows for more helicity (LS) couplings.
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