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Results shown today...

@ Try to cover LHCb exotic results since last PWA/ATHOS workshop (2019)
@ All results use full run 142 LHCb dataset = 9fb™!
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52 new hadrons at LHCb
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o Plin =, — JWAK™
@ Exotic states in BY — J/ pp

@ X and ZZ, states in Bt — Jap oK™

LHCb

@ Tetraquarks in Bt — D*D™ K™
@ Teezz in prompt-J/ip pairs
e TS in D°Dnt
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Candidates/(6 MeV/c?)

xotic states in =, — J/Y AK™

@ Change in spectator quark relative to =57(49)
PZ discovery channel, A9 — JpK~ '

@ Search for strange counter-parts, P%
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@ Two reconstruction
categories: long A (better
resolution) and downstream A

@ 1750 + 50 candidates
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Conventional =%~ — AK™ decay chain

—_———

=77 spectrum poorly known - opportunity to study these resonances

T T
1750 * 50 signal candidates

28 LHCb “« r
L ] L [ =0 BESIII 3
% z T Decays of y(3686)
N> = [ =(1820)
@ 24 b g 20 B
Snf 1 2
e =(1690) g of
20" ] :
5 i L
18+ . - q46 18 20 I
! . M(K'A) (GeV/cH)
4 . R 6 Phys. Rev. D 91, 092006
My (GeV?) Recent studies by BESIII

Sci.Bull. 66 (2021) 1278-1287

Initial amplitude model established with AK ™ contributions only

é State My (MeV) Ty (MeV) LS couplings | J” examined
5¢| [E(1690)° 1690 £ 10 <30 |Free 4(6) = (1/2,3/2)%
S5| [E(1820)° 182345 24715 |infit 3(6) 23 3/2°

<& E(1950)- 1950 £ 15 60 £ 20 3(6) 2E((1/2,3/2,5/2)*
H =(2030)" 2025+5 20140 3(6) 56 5/2%

S | NRAK- - - 4(4) 8 1/2-

otic hadrons September 10, 2021



Exotic P% — J/ih A decay chain

T T
10° | sWeighted T i ") o ? [ sWeighted ]
g = P E i 1
< First observation [~ Z(1690) 1 5 of LHCb B
% 2 in =, decay | ---a- Z(1820)° > L 9 fbfl ]
s 10F Z(1950) =R
Z(2030) >
S W N NR 8wl i i
I 1 = i
k=] EE L *
2 Lhitt 1 5 f
> 1 5 20} + +

2.0 2.5
m - (GeV)
Sci.Bull. 66 (2021) 1278-1287

@ PY state added with oo o |
F=1j2% —5/2* i
o New P2, (4459) state observed at § iof ;'ﬁ;:\‘:’;::“’g‘l‘lﬂ,’
(3.10) (No JP determination) e
= &
Mass (MeV) | Width (MeV) g N i |
44588 £2.9777 [ 17.3+£6.57%9 o i+. -

| | 1
4.40 4.45 4.50
My, q (GeV)

@ =7(1690), =~ (1820) consistent with P2 clear with veto on dominant =

PDG and BESIII results
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Exotic P% — J/ih A decay chain

PC.(4459) is narrow and lies 19 MeV below Z2D*° threshold where two P, states are
predicted [Phys. Rev. D 101, 034015) Recall Ag% J/b pK~ discovery channel

+ R0
)

E Phys. Rev. Lett. 5‘122 (2019) 222001 Ag = J/‘WZIK7 N

1200 H H 3 I = pothreshold
< —data i LHCb i ez 28
2 —totalfit g0l 17as sty
T 1000 H Two narrow } 44569797 4463022
g —backgrou.nd states lie i 569733 4463.0735
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Phys. Rev. Lett. 122 (2019) 222001 Two resonances used to model peak j i
15 Mass (o) Wit (e = Data’9 fo

@ Hypothesis of 2 peak structure with S pop Sem e ©
JP values from [Phys. Rev. D 101, 034018] §

@ Cannot confirm or deny this & 1
description T T
4.4‘10 4.215 4.150 -

m,,, . (GeV)
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Exotic states in B — J/i) pp

No conventional states in B? — Jbpp

b Vep Veo I
BY BO -
s p- 3
@ Sensitive to P [ccuud)|
discovered in A) — JAp pK™ ) d_
I lueball Intermediate x p
as well as glueballs Intermediate gp glueball

Pentaquark

@ 797 £ 31 candidates in run 142 data
set

m2(J/y p) [GeV?]

@ Perform flavour - untagged amplitude
fit where BY, B? analysed together

18 19
m3(J/y p) [GeV?]
arxiv: 2108.04720, submitted to PRL
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Exotic P. — J/ip p and f — pp decay chains

Fit with non resonant contributions (green) gives poor description of data

> fiuoe "+ Daa > ‘ ' "
8 60f9 ﬂjw ::i:]n::e fit 8 60
Qo | NR deca =
g 40 =P ’ g 40r + + N
=" P, <
§ [ + — Background § +
520 . S 20 ]
3 3 1
5 e ] §0+‘ . =t
= 2 22 2.4 = 41 42 43 44
m(pp) [GeV] m(J/y p) [GeV]
%\60; . . . .
@ Add new P} and P with shared, free o ]
mass/width, same couplings and s | + ]
JP =1/2% or 3/2% S40r ]
@ Evidence of new P, state at 3.1 — 3.70 % 20k 1 + + i
depending on J* assignment E [
= L
Mass (MeV) | Width (MeV) |  Fit fraction 3 = A REX o

2 43 44
43377 2 | 2078 14 | (22755 +£8.6)% m(J/y p) [GeV]

arxiv: 2108.04720, submitted to PRL
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Exotic states in B — J/i) pp

A
P F— Couplings [107 MeV~3]
I m

@ New P} compatible with state 91 9oz
H H M M 374295 —i3.7 14+1i0.2 13.2+140.8

predicted in DA — DY e = -
coupled-channel interactions (chin. Phys. 3 |43 428 Lizill | Z19+is6
42 (2018) 023106] 34325 — i5a 03-il1 0.8-i45
5714380 — 1147 0.5-i1.9 —1.4+i5.6

Chin. Phys. C 42 (2018) 023106

@ P.(4312)" with fixed mass and width added to model - No evidence for narrow
P.(4312)". Fit fraction < 2.86% at 90% CL

@ Additional ;(2220) (glueball candidate) added with mass/width fixed - no evidence
of such a state

@ No evidence of near-threshold enhancement in mp3
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Exotic states in BT — Jp oK™

;: X(4274) X(4500)
% 120 * —=— data
Run 1 amplitude analysis £ p e o e
i i " & F x@40) + ++++ +
@ Data not described by conventional K*" states © ‘ b4
- four X — J/1)¢ states seen at > 50 w0
— background
@ 3o signal for Z% — J/¢YK™ »
0 4100 4200 4300 4400 4500 4600 4700 [.‘K€/|
Mo 1N e

Phys. Rev. Lett. 118, 022003

Full run 142 analysis has 6x signal yield and 6x less combinatorial background

T OF T T 16 — ¢ T T T 22
T45E - LHCb 7 I8E g LHCb 20
O 91b! S i 91b’ .
N 2u20:£ 170 2 S : 16
Slanal candidatos 3 y
R - 10 Ng-m: e 14
35k 3 s Sk :(2)
: " 15 N
F 4 14F 6
F SRR 2 | E &
251 *"X(a800) X(4700) < 13E 2
E : ; 1 o E . . . o
18 20 2 18 20 2 .
2 2 2
m, s 1GeV?] ’"?,/w [GeV~]

Phys. Rev. Lett. 127 (2021) 082001

LHCb LHCb: Exotic hadrons September 10, 2021 10/24



Conventional K** — ¢K™ decay chain

2200)

[ PhysRevLett.118.022003

@ Include tails of K*(1410), K(1460) and
K1(1400) which peak below mg+
threshold (additions to run 1 model)

M (K ) [MeV]

ccessible sfates

Ky2045) 50
o

@ Nine K** states included in default
model - unconfirmed states have

floating mass/widths 1000
@ Seven more predicted by Godfrey-Isgur SOF
model pro 32 (1985) 189) considered in

[ forbidden &1

LHCb
From run 1 analysis
Theory predictions -
Godfrey-Isgur Model
Established
| Unclcr\hrw‘c(

systematic studies 400t

@ Exotic X and Z states added to amplitude model

I
Phys. Rev. Lett. 118, 022003

s

o

2 3

2272 13 3'3t 2%t

@ In total seven X states, two ZF states and NR J/v¢ added each at > 50

LHCb LHCb: Exotic hadrons
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Exotic Z! and X states in Bt — Jip oK™

New Z states!

@ 1% ZX(4000) observed at high significance (150) and resonant nature seen via
quasi-model-independent method

@ Broader 11/17 ZX(4220) state seen at 5.90

Default run 142 model

Run 1 model

e
=
S
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2 500!
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— X(4500)
— X(4700)
X NR
- X(4140)
— X274
— X(4685)

E— X@150)

K(1460) | pqged
- k1 K (1400) | o fit

K (1410)

K2
= = Background
E =4 Total fit

E = Data 9 "

0

LHCb

LHCb

T
FX
states LHCb

P PETTY PTUTE PYRRY FRRTY OOTL IR

2
myye. [GeV]

44 .6
myy,

Phys. Rev. Lett. 127 (2021) 082001
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Exotic Zf and X states in BT — Jip oK™

First observation of exotic states with ccu3 decaying to Jip K™

PhysRevLett.126.102001

40 28
(s =4.681 GeV BESII — Data

@ No evidence new narrow Z%5(4000) is  3of K*(DyD*+D;~D°) T°t:'9§'5_
the Z%(3985) state reported by BESIII T Ej'( ) "
in D-D*° 4 D~ D° - D (esoorp

s S 2R AW suae sy il || RS non-Res.

° th(3985) has I = 13MeV - All 10 D, o’

reported states here are relatively wide YT comb. BKG

4 405 41 415

PhysRevLett.126.102001
Four previous X states confirmed and additional X(4685) and X(4630) states seen at
> 50

State | Mass (MeV) | Width (MeV) | spin
Z.,(4000) | 4003+67%, | 131+15+26 1t
Z5(4220) | 4216 +247% | 233+£5279) | 17/1°
X(4685) | 4684+ 77% 126 + 1573 1t
X(4630) | 46264+ 16718 | 174+27753 | 17(27)
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Exotic states in BT — D™D K™

o

c
7 -
| o ]
@ Conventional charmonia contributions <: | 2 states

expected in DT D™ system

cSud states

Bt w+ a}D+ ‘
@ Any other contributions would be =
exotic with neutral 5ud or doubly = J
charged cdus ,K*

T F i L T s T T
e F ] o ? ]
T nf - T nf LHCbD 3
3 f ] g f ]
=20p —_ =0 ]
. H P r ]
2 18F g : ]
5 1sF ] 3 1sF ]
T L 1 T f ]
161~ B Ty ]
r ] L X,(3930) —RLg4! ]
14 g b W(E770) A
C 1 1 1 11 L L 1 1 1]

6 8 10 12 6 8 10 12
mX(DK*) [GeV/c?] mADK*) [GeV/e)

Phys. Rev. D102 (2020) 112003
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Conventional [c€] — D" D~ decay chain

140 T T
w(3770) - D* D"

—~
a F ]
< : ]

Charmonia resonances considered 3 120 overpoing [ £ o(3930) > D7D 4
= 100 E components 7,,(3930) - D* D E

E — Y{a0s0) > D' D E

Partial wave (J7°) _Resonance Mass (MV/c ) Width ( MeV ) “ E o :;541 60; DD ]
S wave (077) Xeo(3560) 3W2L43 201 = 145 = gofF " ]
X(3915) 3918.4 + 1.9 20+ 5 o F y(4415) - DD 1

[P wave (1) U(3770) FTT81E09 272+ 10 > wfF Nonresonant ]
1£(4040) 4039 £ 1 80 £ 10 5 60 Necessary to include both spin 0 and spin 2 -

[ (14160) 4191 £ 5 70+ 10 s E components In 3.93 GeV reglon - massiwidth ]
(4260) 230+ 8 55+ 19 S s0F free 1

w(4415) 4421 % 4 62+ 20 g E ]

D wave (277) ez (3930) 39210 = 0.6 36.6 £ 2.1 = F ]
Fwave (3--) X(3842) 380271 £ 020 2.79 = 0.62 8 20 =

0
4
mp,>4GeV d e
@ Data supports additional spin 0 \H
X<0(3930) that overlaps with x2(3930) WWM

@ Data cannot be described through
conventional D™D~ contributions
alone

@ Supported by model-independent

moments analysis [Phys. Rev. Lett. 125 (2020)
242001] 25

Candidates / (17.3 MeV/c?)

3 3.5
m(D"K*) [GeV/c?]
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Exotic [€5ud] — D~ K™ decay chain

Add two [c5ud] — D~ K™ contributions to amplitude model

& 140f ' '

< il " -~

L F v(3770) - D' D g T T E
F . 3 X,(2900) fit fraction = (5.611.4£0.5)%

% 20 1 Z,(3930) - D* D § 80 F(2000) it f::it:gL(aa.s:tzAtz.n% LHCD 7
F 7.,(3930) > D* D E

= E v {4040) > D* D < 70 5

o 100 — - y(4160) 5D’ D o 60 X,(2900) 3

= E ¥(4415) - D" D =5 3

Z 80 X,(2900) — D'K* b E

= E X,(2900) - D'K* > 40 X,(2000) =

Q 60 Nonresonant 15} 30 E

S E Reflections from X, , g -

T 40F ' g

5 n -g 20 i

= o

8 20F S 1w bt

© 8 f f - 0 R E

ok==i : : P - 25 3 3.5
4 45 m(DK*) [GeV/c?]

m(D*D") [GeV/c?)

a E ¥ ! ]

@ Significant contributions from [C5ud] states 3 soF LHCD ovomtonsionsc E
H H S E require ]

- 30% contribution from X1(2900) = LWk auired ’ 3

o Y ]

L E ]

State | Mass (GeV) | Width (GeV) = 30F 3
Xp(2900) 2.866 + 0.007 £ 0.002 57 £+ 12+ 4 : F ]

Xy (2900) 2.904 + 0.005 =+ 0.001 110 £ 11 + 4 S b E

3 s ]

. . 2 b E

@ If interpreted as resonances first s F ]
observation of exotics with open flavour ot 35 s

3 8.
m(D*K”) [GeV/c?]

7 - + + . . .
@ No [cdu5] — DTK™ contributions required Phys. Rev. D102 (2020) 112003
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Exotic Tzz in prompt-J/i) pairs

@ All hadrons observed so far contain at most 2 heavy quarks

@ Theoretical predictions for tetraquarks consisting of only heavy quarks Tq, ¢,0,0,
where Q; = b/c in range 5.8 - 7.4 GeV

@ LHCb has reported no evidence for T,pz5 LHEP 10 (2018) 06]

@ Search for a Tccez tetraquark in prompt J/ip-pair invariant mass spectrum using full
Run 1+2 dataset

@ Prompt J/ip-pairs at LHCb produced through SPS or DPS

—e

SPS: C DPS: c
J/y mesons produced in T J/y mesons ¢
non-resonant processes produced

as well as potential ~———¢ independently in

resonances. Higher »: L2

separate parton

average pT interactions
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Exotic Tzz in prompt-J/i) pairs

Structures in di-J/z) spectrum T S\ ¥
200F- DPS PyYY>52GeVie

£ Broad thresnhola
180 =

@ “Threshold enhancement” - broad

3,065 < M, < 3.135 GeV/e2

{5
>
[} structure

structure just above di-J/i) mass = 0 (‘\ [ 300 <My, <05 GVtor 3
i R 1405 | + + Second snuctue? .15 < M, < 3.20 GeV/e?, normalised |
ranging from 6.2-6.8 GeV < 1of W b ﬁ Pm | E
g 0El T P b 3
@ X(6900) - narrow structure at 6.9 GeV £ so:} \ P g
2 e arow sncure R , '#'Né
@ Hint of structure at 7.2 GeV 5 40£Ekg{15%]showsnnslrucmm 1 El
= "..w:w'r-‘,~".'""'.»'.'o'",‘w""".o'”""w.‘.““’"’o':’«.»"."."-‘,‘..',;E

@ Note background shows no structure 200 7000 " Vi}ogo
.. I . . M eV/c
and efficiency variation is marginal aary (MeVIe?)

T
—+ pata sWeighted
= Total fit
=2 ps Shape from Jiy cross
DPSction dats

—— NRSPS Phasespace x exp,

@ SPS dominates at high di-J/y pT,
DPS dominates at high mgi_

@ J/ip-pair invariant mass spectrum
inconsistent with non-resonant SPS
and DPS continuum distribution

Weighted candidates / (28 MeV/c?)

820() 7000 8()(7)() 9000
Mgy, (MeV/c?)

Sci. Bull. 65 (2020) 1983
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Exotic Tzz in prompt-J/i) pairs

T
< 200 o

Unable to model dip

140 i T e
o ; | s

—— = DPS+NRSPS

0
Mgy, (MeVic?)

Model 1:
- 2 BW model threshold enhancement
- Single BW models X(6900)
- Second structure of low significance
m(X(6900)) = 6905 = 11 & 7 MeV
(6900) = 80 £+ 19 + 33 MeV

Weighted candidates / (28 MeV/c?)

My, (MeV/c?)
Sci. Bull. 65 (2020) 1983

Model 2:
- Allow wide BW at threshold to interfere
with NRSPS
- Simplistic - whole NRSPS interferes with a
single threshold contribution with same J*
- Improved fit quality

m(X(6900)) = 6886 + 11 = 11 MeV

I(6900) = 168 & 33 + 69 MeV

Narrow structure at 6.9 GeV consistent with BW lineshape and broad structure at di-J/i

mass threshold with > 50 significance

LHCb
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Exotic state near D*"D° mass threshold: T,

Many, many models predict a hadron with two heavy quarks and two light anti-quarks

TQ1qu'3L7—4 where Q; = b/C

Predictions for an isoscalar cciid state with
@ Spin-parity assignment J© = 1%

@ Mass relative to the D*TD° mass threshold
—300 < dm < 300 MeV

dm = mps — (mp++ 4 mpo)

Using mass measurement of =/ [ccu] prep 02 (2020) oa]

infer that mass of ccid is close to D** DO
threshold

J. Carlson et al.

B. Silvestre-Brac and C. Semay
C. Semay and B, Silvestre-Brac
M. A. Moinester

S. Pepin et al.

B. A. Gelman and S. Nussinov
J. Vijande et ol.

D. Janc and M. Rosina

———e——— | F.Navama et al

1. Vijande et al.
D. Ebert et al.

S. H. Lee and 8. Yasui

Y. Yang et al.

N. Li et al.

G.-Q. Feng et al.

$.-Q. Luo et al.

M. Karliner and J. Rosner
E. 1. Eichten and C. Quigg
Z. G. Wang

‘W. Park et al.

P. Junnarkar et al.

C. Deng et al.

M.-Z. Liu et al.

L. Maiani et al.

G. Yang et al.

Y. Tan ef al.

Q.-F. Lii et al

E. Braaten et al.
D. Gao et al

J1.-B. Cheng f ol
S. Noh et al.

R. N. Faustov cf al

100 200 300
[Mev/e?]

arXiv:2109.01056
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Exotic state near D*"D° mass threshold: T,

Can search for T using prompt D°D%z™ final state

— 170 —
L ! i RARREEN A BT T @ Very narrow peak near D**D° mass
g LHCb =73 Ef
& 60r ot =Y + 1] threshold
§ 505 J{ P-wave ;tf‘j’ + i @ Describe using P-wave BW motivated
= r 2-body = El P « s
< B, 117 by J* predictions
- 40; / B 0 1++ : L‘*'r ==Hd . )
3 W e P e 1 @ Hypothesis that ,, < 0 is 4.30
= 22 Bedgroud 29 ] (hadronic molecule?)
E D**D? threshold g -
20E ﬁ ,,,,, DD threchold { + + + ] @ Mass/width consistent with expected
10 H + . isoscalar 11 tetraquark ground state
: HM #ﬁ b ﬁ#ﬁ% +H+ Hﬁ
Op~** - - dMpore (keV) ‘ I pote (keV)
3.87 TS 38 3.9 —360 £407 | 48+£279,
Mpopo+ [G(‘,V C ]
arXiv:2109.01038

@ Measured width smallest of any exotic to date - long lived with respect to strong
decays

@ Near threshold mass, narrow width and role in prompt hadroproduction shows
genuine resonant nature
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Exotic state near D*"D° mass threshold: T,

&> 35 T ]

= F LHCb ]

Z 30 Smpopogs < 0 ofh-!

g ]

S . F +  data E

0+ i A 251 == Tt— D'DOrt -

@ D"7™ spectrum consistent with of — beckgound 3

hypothesis that T.; — D°D%z" decays E Procesds through intermediate H 3

Co. . 15[~ off-shell D** -> Dorr* 3

via intermediate off-shell D*™ : ]

+ 1+ : 10r E

@ Favours the T, 17 assignment (would E JH( 1

sE E

be S-wave deca F + Jf +:

y) ot b H e i

2.004 2.006 2.008 2.01

Mpogs [Gev/e?]

14 T T T 100, T T
@ Due to small ém and small ol ViRoftshel DD LH(,:ll; 12 905 Via oft-shell D*DYor D" LH(ill, E
energy release in P20 g 0P 3 4 deta 9B 4

E EE T} - D*DOR0
+ _, DO+
B3 T - DD @10 B i DDty

E --=- background E

D** — D% gives narrow

]
Yield/(500 keV/c?)
=

Yield/(500 keV/c?)
3
k=]

poimsbon 0 34| DL 3E S
threshold il TR IS ®£ e WM /

@ This is replicated in Sl AT I i
Tct — Dt Doﬂo/’y decays via 3.73 73(,[7)3”" 1[758\//62] S.MWmuu 3‘75[GeV/c‘I]
D*+/0 arXiv:2100.01056

Absence of signal in D°D* 7" indicates isoscalar nature
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Looking forward to Run 3...

New scintillating
fibre tracker New electronics

(SciFi) (CALO, MUON)

LHCB-TDR-12

New silicon ; LHCB-TDR-13
upstream tracker| LHCB.TDR.14
um N LHCB-TDR-15
LHCB-TDR-16

LHCB-TDR-17

LHCB-TDR-18

New pixel vertex
detector
(VELO)

New optics and
photodetectors
(RICH)

Removal of LO-trigger will provide increased efficiency and reduced systematic
uncertainties to hadronic modes in particular!
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