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[Cham & Whiteson, We have no idea]
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http://phdcomics.com/noidea/

[Gell-Mann, Phys.Lett. 8 (1964) 214] [Zweig, CERN-TH-401] [Petermann, Nucl.Phys. 63 (1965) 349]

QUARKS

Standard Hadrons Exotic Hadrons

O

Meson Baryon

IMurray Gell-Mann George Zweig André Petermann See also [Petrov, arXiv:1412.8681]
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https://inspirehep.net/record/1375360
https://inspirehep.net/record/11881
https://inspirehep.net/record/1494295
http://arxiv.org/abs/1412.8681

CONFINEMENT

L A

At large distances the force is constant
and the potential increases linearly

>
>

Potential [A.U]
[y
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Distance [A.U ]

The QCD potential is postulated. The mathematical proof that QCD produces
such a potential is an unsolved problem. Solve it and claim your $1M prize
with the Clay Mathematics Institute Miltenium problems].
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http://www.claymath.org/millennium-problems/yang–mills-and-mass-gap

[PDG]

BOUND STATES WITH d,u,s,c QUARKS

The meson 4-quark multiplet The baryon 4-quark multiplet
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http://pdg.lbl.gov/

[PDG]

MASSES OF GROUND STATES
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http://pdg.lbl.gov/
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[CMS, PRL 126 (2021) 252003, arXiv:2102.04524]

[SODOUBLET OF =} (bsu) AND =, (bsd)

? [LHCb'18] b ? [LHCb'20]

[LHCb'14] B, 3 E,° [cMs'12]

[LHCb'14] B~ T ’ e gm0

yin®?

[CDF'07] Ej > B) [CDF'11]
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http://arxiv.org/abs/2102.04524
http://arxiv.org/abs/0707.0589
http://arxiv.org/abs/1107.4015
http://arxiv.org/abs/1411.4849
http://arxiv.org/abs/1411.4849
http://arxiv.org/abs/1204.5955
http://arxiv.org/abs/2102.04524
http://arxiv.org/abs/1805.09418
http://arxiv.org/abs/2010.14485

[CMS, PRL 126 (2021) 252003, arXiv:2102.04524]

OBSERVATION OF THE =,(6100)” RESONANCE Gws, |

Using 130 fb~! 2016-18 data, CMS study Z, 77~ combinations.
=» new baryon Z5(6100)~ with mass 6100.3 + 0.2 + 0.1 4 0.6 MeV/c?
Consistent with the orbitally excited JP = 3 state with jg = 1, as the

2
=.(2815).
CMS 140 fb™ (13 TeV) CMS 140 fo" (13 TeV)
E i ;= JWE, 5 — JApAK é F i Data =5 — JpsoK-
N 2o { Data ~ 200 — Fit
> r — Fit > F — Signal
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c [ = r
S or } 8 o[
. i
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Z,(6100)” — 5;7r+7r_ with Also visible with partially
= = 0y —
fully reconstructed =, reconstructed =, — Jp X K
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http://arxiv.org/abs/2102.04524

[LHCb, PRL 118 (2017) 182001, arXiv:1703.04639]

FIVE NEW §2Y RESONANCES IN =K~

Using 3.3fb™! at 7, 8 and 13TeV .

search for 29 (css) states 400 LHCb
e Reconstruct =} — pK~— 7™ f:_ul'l‘m
--- Background

o Combine with
prompt K~
=» Wowe-effect: Five peaks!

Feed-downs
M =; sidebands

o Clearly five narrow states,
two of which are very narrow. 100

Candidates/ (1 MeV)
w
o

P PP

@ Maybe there is a sixth wider .
state 0
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http://arxiv.org/abs/1703.04639

[LHCb, LHCb-PAPER-2021-012, in preparation]

EXCITED 22 IN 2, - EFK 7+

Using 9fb~! 2011-18 data reconstruct

3
_ — _ _ 400
2, — EFK-nt and study 22 in EFK 3
8 300
@ See 4 of the 5 states of (prL 118 (2017) 182001] 3
2
=» Angular fit to determine quantum numbers 8 200
100
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£ g 0
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https://cds.cern.ch/search?ln=en&as=1&m1=p&f1=reportnumber&p1=LHCb-PAPER-2021-012
http://arxiv.org/abs/1703.04639

[LHCb, LHCb-PAPER-2021-012, in preparation]

EXCITED 22 IN 2, - EFK 7+

Using 9fb~! 2011-18 data reconstruct
2, — EXK-nt and study 22 in EFK™
@ See 4 of the 5 states of prL 118 (2017) 182001]
=>» Angular fit to determine quantum numbers
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https://cds.cern.ch/search?ln=en&as=1&m1=p&f1=reportnumber&p1=LHCb-PAPER-2021-012
http://arxiv.org/abs/1703.04639

[LHCb, PRL 124 (2020) 082002, arXiv:2001.00851]

OBSERVATION OF EXCITED {2,

s LHCD o
o T — Signals
§ . :_ Background
Rl
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EL g
z
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4 new states are seen at masses of 6316, 6330, 6340 and 6350 MeV/c2
e Karliner and Roser argue they are excitations of the spin-1 s5 diquark
with JP = 1/27,1/27,3/27,3/27. A5/27 is missing. [PRD 102 (2020) 014027]
@ Liang and Oset argue for molecules [pro 101 (2020) 554033)
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http://arxiv.org/abs/2001.00851
http://arxiv.org/abs/2005.12424
http://arxiv.org/abs/2001.02929
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[Lebed, Mitchell, Swanson, Progress in Particle and Nuclear Physics 93 (2017) 143, arXiv:1610.04528]

ENERGY LEVELS: NEUTRAL CHARMONIUM STATES
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http://arxiv.org/abs/1610.04528

[Lebed, Mitchell, Swanson, Progress in Particle and Nuclear Physics 93 (2017) 143, arXiv:1610.04528]

ENERGY LEVELS: CHARGED CHARMONIUM STATES
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http://arxiv.org/abs/1610.04528

[LHCb, PRL 115 (2015) 072001, arXiv:1507.03414]

2015 PENTAQUARK OBSERVATION

o o Using 3fb~! 2011-12 data find 26000 + 170
%izgg p oo (ia:so)i A9 — JappK ™ decays.

50 o e A 6-dimensional angular analysis needs two
- 5 Naom exotic contributions:

*
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§5 o JP 3= 5T
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Boof } '% Significance 90 120
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. My, [GEV]
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http://arxiv.org/abs/1507.03414
http://arxiv.org/abs/1606.06999

BREIT-WIGNER BEHAVIOUR OF PENTAQUARKS
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[LHCb, PRL 122 (2019) 222001, arXiv:1904.03947]

OBSERVATION OF NARROW PENTAQUARKS

Update of Run 1 analysis [pru 115 (2015) 072001]
=» Reuvisit this channel with an updated
BDT: 246 000 A) — J/ippK~ decays (10
times Run 1) and 6.4% background. ‘
o Reflections from B? vetoed )
o Re-optimised BDT including PID (new) 1000;/'\%\

@ Only 2 dimensions used: J/i)p and cos @ R w e
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http://arxiv.org/abs/1904.03947
http://arxiv.org/abs/1507.03414

[LHCb, PRL 122 (2019) 222001, arXiv:1904.03947]

OBSERVATION OF NARROW PENTAQUARKS

Three states are observed: 5:D°

P.(4312)" T ~ 10MeV (7a), which
we could not see with 3fb™!
P.(4440)" T ~ 20 MeV
and
P.(4457)" T ~ 6MeV. The
significance of the 2-peak structure L
. 400
is b.40

X No sensitivity to the wide 200
P.(4380)"

LHCb
—total fit |
— background

800

Weighted candidates/(2 MeV)

P (4312)°

43004250 2300 4350 4400 4450 4500 4550 4600
M p eV]

It is striking that the P.(4312)" and the P.(4457)" sit at the ¥.D and X D*
thresholds
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http://arxiv.org/abs/1904.03947

[ATLAS-CONF-2019-048]

Pt sTATES AT ATLAS \\#L

> L L e e s e s < T T T
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With Run 1 data, ATLAS find 2270 4+ 300 /12—> JbpK~ decays
@ With the same data, LHCb see 26 000 £ 170 with hardly any background

[LHCb, PRL 115 (2015) 072001, arXiv:1507.03414]
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http://cdsweb.cern.ch/record/2693957
http://arxiv.org/abs/1507.03414

[ATLAS-CONF-2019-048]

Pt sTATES AT ATLAS \\#L

> [ > i
2 LATLAS Preliminary s ] 2 EATLAS Preliminary s ]
S 300[V5=7,8TeV; 49,206 fo* [ Combinatorial 8G] S 300[Vs=7,8TeV; 49,206 fo* [ Combinatorial 8G]
- r [ B~ J/yKm _ r [ B, JpKn q
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:% 250 [ ] L% 250 + [ B, - J/YKK 4
C Ap—IpA* + refl. ] C A= IIpA* +refl. ]
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With Run 1 data, ATLAS find 2270 4+ 300 /12—> JppK~ decays
e Good fits with 4 Pj_ LHCb states of [pre 122 (2019) 222001 (p ~ 69%)
o (also with 2 P} of [pRL 115 (2015) 072001], excluded by LHCb, p ~ 56% )

o Fit with only A is not (p ~ 9 x 1073)
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http://cdsweb.cern.ch/record/2693957
http://arxiv.org/abs/1904.03947
http://arxiv.org/abs/1507.03414

With 9fb~! 2011-18 data, find 800 BY —
Jippp with 15% background. Flavour is
untagged.

X Some structure at 4.3 GeV

Events/(2 MeV)

Nik[hef
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[LHCb, LHCb-PAPER-2021-018, in preparation]

AMPLITUDE ANALYSIS OF BY— J/iypp
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https://cds.cern.ch/search?ln=en&as=1&m1=p&f1=reportnumber&p1=LHCb-PAPER-2021-018

[LHCb, LHCb-PAPER-2021-018, in preparation]

AMPLITUDE ANALYSIS OF BY— J/iypp

T T T T

With 9fb~! 2011-18 data, find 800 BY —
Jippp with 15% background. Flavour is
untagged.

v Good fit with a Pt state (3.10)
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https://cds.cern.ch/search?ln=en&as=1&m1=p&f1=reportnumber&p1=LHCb-PAPER-2021-018

WHAT 1S A PENTAQUARK?

Compact Hadron Diquark- Quarkonium  Hadro-onium

Molecule onium

1200 papers citing the 1st P paper, with many possible interpretations.
Niﬁ\hef
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https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=refersto:recid:1382595

[Guo, Meissner, Wang, PRD92 (2015) 071502, arXiv:1507.04950]

PENTAQUARKS AS TRIANGLE DIAGRAMS

P} enhacements could
be caused by triangle
singularities
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[LHCb, arXiv:2103.01803, submitted to PRD]

STRANGE TETRAQUARKS IN BT — JaipoK™

—e—Data9 b’
—— Total fit
---- Background
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9fb™! update of 3fb7!
[PRL 118 (2017) 022003] [PRD 95 (2017) 012002]
24220 + 170 Bt — JapgK*
candidates with 4% background
and 2% Bt — JRpKTK—K*

Candidates/ (10 MeV)
IREREREREN



http://arxiv.org/abs/2103.01803
http://arxiv.org/abs/1606.07895
http://arxiv.org/abs/1606.07898

[LHCb, arXiv:2103.01803, submitted to PRD]

STRANGE TETRAQUARKS IN BT — JaipoK™

22 —e—Data9fb?!
—— Total fit
16 ---- Background
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9fb~! update of 3fb7!
[PRL 118 (2017) 022003] [PRD 95 (2017) 012002]
24220 + 170 Bt — JapgK*
candidates with 4% background :
and 2% Bt — JRpKTK—K* 100f

T
LHCb
o fb?t

Candidates/ (10 MeV)
IREREREREN
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http://arxiv.org/abs/2103.01803
http://arxiv.org/abs/1606.07895
http://arxiv.org/abs/1606.07898

[LHCb, arXiv:2103.01803, submitted to PRD]

I +
Z.5(3985)" VERSUS Z(4000) BESTI

State seen in D; D*0 and D~ D°

Data
Total fit

e m(Z5) = 39825 133 4 2 1Mev/?
r(Z;)=12.8+53i3 MeV

(s = 4.681 GeV
(a)

comb. BKG S
41 415 ey
. . TR,
RM(K") (GeV/c?) [PRL 126 (2021) 102001] 14/‘9 /zge/’@
~nwont  State seen in JAHK™T
—— Total fit
- Background
—_— KO’ +
Zir m(Z;) = 4003+ 6 * 4 MeV/c?
— K2
= X M(Zs) =131+ 15+ 26 MeV
—— X(4500)
—— X(4700)
—— X NR
it [LHCb, arXiv:2103.01803, submitted to PRD]
—— X(4685)
— X(4150)
— Z(4000)

42
My [GEV] T 7z
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http://arxiv.org/abs/2103.01803
http://arxiv.org/abs/2011.07855
http://arxiv.org/abs/2103.01803

[LHCb, arXiv:2103.01803, submitted to PRD]

Z5(3985)" VERSUS Z(4000)* BESTI &HCh

Solution 1

#sors
Riquer, arXiv:2103.08331] they are an X(4140) L X,;@4076
SU(3) multiplet A 2,4003) ./\- 2,69%2)

MULTIPLET: For [Maiani, Polosa, -

THRESHOLD EFFECTS: For X -
[Ge, Liu, Ke, arXiv:2103.05282] they . X ¢ ¢

are threshold effects I/ K
K ) ‘
VIRTUAL STATES: For [ortega, iﬂw ?W
(a) K (b) K

Entem, Fernandez, arXiv:2103.07871] the
Zcs are the same virtual
state in different
coupled-channels
environment.

Events

600 3800 4000 4200

4000 4050 4100 4150
+

My~ (MeV/c?) RM(K*)
Description of LHCb data Description of BESIII data
[arXiv:2103.01803] [PRL 126 (2021) 102001]
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[LHCb-FIGURE-2021-001] [Updates here]

11000 I
l E'\ZDO
10500 i=
& 160
- gm
e 120]
70007 16900 £ 1of
o0
g 60|
E
g 0f
6000 - E -
M.y MeV/c]
_ [Science Bulletin 65 (2020) 1983]
N; 5000 o |
3 X(4700) X(4685)
= P(4450)* ©5(4500) lpr(4457)* @Xx(4630)
g X(4274) P.(4440)* .5
s X(4140) . . Z.(8220)F D g
= ® P(4380) L P(4312) 704000 3 o
4000 4 X(3842) L] =
° )
5 %
5 40]
® c&qd 8 -
3000 @ céct X1(2900) g P
® cdad X0(2900) 3
W ccqq o < s
T T T T T T T T T T T T e
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 mOK") [Gevie]
Date of arXiv submission [PRL 125 (2020) 242001]

All exotic resonances observed at the LHC in a mass versus submission date
%Ot. Hollow markers indicate superseded states.
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OBSERVATION OF

[Belle, PRL 91, 262001 (2003), arXiv:hep-ex/0309032]

THE X(3872) RESONANCE

; — 12000 e
[ a) data b) MC
300 [~
3
K] 8000 -
o
5 200
<3
2
g 4000 |-
@ 100 -
0 | | L

Belle reported a clear peak in the JjjymTm™
mass spectrum above the ¥(2S) in BT —
Jiprntr~ K decays (36 + 7 events)

My = 3872.0 & 0.6 = 0.5 MeV/c?
<23 MeV

0.80 1.20

M(@'xI'T) - M('T) (GeV)

0.80 1.20

close to the D°D*? threshold

M@'xI'T) - M('T) (GeV)

a)

$s

8

Events /( 0.005 GeV )

Events /(0.015 GeV )

5.2 5.215.22 5.23 5.24 5.25 5.26 5.27 5.28 5.29 53

Nik[hef

My (GeV)

L I I
39 392 01 005 0 01

My ) (GeV)

0.05 015

02
AE (GeV)
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http://arxiv.org/abs/hep-ex/0309032

[LHCb, PRL 110 (2013) 222001, arXiv:1302.6269]

X(3872) QUANTUM NUMBERS

o Five-dimensional angular analysis of <129 : .
B+—) )((3872)[’(+ W|th %100 all candidates LHCb _
X(3872) — J/bmt ™ using 2011 data g ]

= 313 =26 decays in 38 000 g ;
Bt — Jipntn~ KT candidates 5

¢ Unambiguous assignment JP¢ = 1t at 8o. % “} —=— pata ]

This rules out the ¢y (11D,) hypothesis. = af — Simulated =1 E

-------- Simulated J*°=2" 1
SOF ¢ t t =

|cosB, > 0.6
40 ]
30F e .

10

F T T
1200F 1200 7op X(3672)

1000

800F 600

600) :_ 400}

400F

Number of candidates / (2.5 MeV)

200F

1
1400

600 800 00 1200
M(TeTed/g) - MI/Y) [MeV]

1
cosB,
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http://arxiv.org/abs/1302.6269

[Cowan, Gershon]

BREIT-WIGNER

01_2_' T T T LI L T T T T glz_ T T T ]

= “a -

= S af 3 o

=1 = 3

=R 1 A 1F ]

o0

] 2.5¢ 9

= osf ] N 3 0.8F 3
0.6F ] Lsk E 0.6 ]
04r B 13 K 0.4 q
021 1 0.sE E 0.2F 4

0 1 L L L 0 L 1 1 L G: 1 1 L
3 4 5 6 3 4 5 6 —0.5 0 05
Mass Mass Re

For narrow resonances far away from the threshold, the Breit-Wigner
parametrisation is suitable

i (e} [0}
M]ZBW—S—I'\/EFBW M%W—S—I'MBWrBW

A(s)

[PDG]

Nik[hef

Patrick Koppenburg Hadron spectroscopy at the LHC 07/07/2021 — LISHEP C [39 / 47]


https://inspirehep.net/record/686740
http://pdg.lbl.gov/

[LHCb, PRD 102 (2020) 092005, arXiv:2005.13419]

LINESHAPE OF THE X.1(3872) MESON

Using 3fb~! 2011-12 detached
Jpmtn data, study the x.1(3872)
lineshape (15k signal). 1(2S) is used

800

as control. s
m = 3871.70 £ 0.07 + 0.07 = 0.01 MeV ;:aoo
= 1.39+0.24+0.10MeV Egi]
First measurement of the BW width! Em

g

Is the xc1(3872) above or below D*°D
threshold?

m(D*°D) = 3871.69 + 0.06 MeV

. . . . . . . .
384 38 388 39 384 38 388 39
M Jjyr+a [GeV] Mpprtn [GeV]
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http://arxiv.org/abs/2005.13419

[LHCb, PRD 102 (2020) 092005, arXiv:2005.13419]

LINESHAPE OF THE X.1(3872) MESON

For a resonance near threshold with coupled channels, the Flatté parametrisa-
tion is to be used [vu, Kalashnikova, Nefediev, PRD80 (2009) 074004]

dR(Jfprta) p(E)
9 (B~ Er 4+ §lg (a4 ko) + T(E) + Tu(E) + Tol|

Ef =mg — (mDo + mD*o)

¢ : various decay modes

— X — . — . i i i
10.00 +0.05 3 - I}?lr;:::“ igner iz 7000713111;:::17\1\'&:; ?;.d background §
mode == 387169 —0.04 —0.13 MeV 3 Z 60005 — Flatté LHCD 3
’ ’ 3 2 so00f E
_ +0.07 40.11 : m_J\_
3 2000F E
4 000p E
387 EER) asr O 3@ ame 38 39
M GEV) Myrine GeV]
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http://arxiv.org/abs/2005.13419
http://arxiv.org/abs/0907.4901

Asner, Hanhart, Klemp in [PDG]

RESONANCES

physical sheet

unphysical sheet

The physical states appear as poles of the S-matrix as a

BOUND STATE on the real axis below threshold, on the physical sheet
VIRTUAL STATE on the real axis above threshold, on the physical sheet
RESONANCE off the real axis, on the unphysical sheet.

=» Real part: m, imaginary part: /2

Nik[hef
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http://pdg.lbl.gov/

[LHCb, PRD 102 (2020) 092005, arXiv:2005.13419]

LINESHAPE OF THE X.1(3872) MESON

0.2

Analytic continuation of Flatté function
in complex space.

4

Im E [MeV]
=2

Poles found:

o

Sheet Il :( 0.0569 — 0.12561) MeV
Sheet 11l :(—3.5780 — 1.21651) MeV

Xc1(3872) looks like a quasi-bound*
state of D*°D with binding energy of
24 keV (Ep < 100 keV at 90% CL)

0.2 0.4
Re E [MeV]

Phase on complex E plane, with
trajectory when other couplings are
moved to 0.

* In the limit of all other couplings being switched off
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[LHCb, PRL 126 (2021) 092001, arXiv:2009.06619]

Xc1(3872) PRODUCTION VERSUS MULTIPLICITY

Tl~ °#F LHECO ' rTT T -
£ |k C pp s=8Tev ~+ Prompt b decays ]
3 [k R p.>5GeV/cg . . =
= > o Comover Interaction Model, Esposito et al. o
N Y s Molecule Compact 5 Molecule
<17 E (coalescence) tetraquark (geometric)
~ | r -
2 &)/ 0.08 x ]
;ﬂ R o —#— =
[nd -

0.04 -
- - ]
:3 3 002 — =
s} N o E

0 1 1 1
0 50 100 150 200
NVELO
tracks

Ratio of ¢(2S) and x.1(3872) production, for prompt and b decays.
The from-b ratio is consistent with being flat. 50 slope for prompt, compared
with predictions from [esposito, Ferreiro, Pilloni, Polosa, Salgado, arXiv:2006.15044].
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[LHCb-FIGURE-2021-001] [Updates here]

o) (o

59 hadrons found so far, and still counting
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https://cds.cern.ch/record/2749030
https://www.nikhef.nl/~pkoppenb/particles.html

. 17 exotlc hadrd 'dlscovered but’thelr nature |s uncertam
. Study of baryo __helps understandmg dlquarks

o Detalled study of xc1(3872) mdlcates Il'. fias a bound
¥ D"‘D0 component

-

Contact:
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LHCb UPGRADE — I -
‘l)" «TEAY “—u,,,_\

£ =2-103 cm 257! requires some new detectors
new electronics

and 40 MHz read-out clock

VELO: New pixel vertex detector
TRACKERS: New scintillating fibre tracker.
The upstream tracker is also replaced

PID: Hybrid photodetectors
replaced by multi-anode PMTs

=» 50 fb~! by Run 4.

v/ We are preparing another
upgrade for Run 5
=» 300 fb~?

Upgrade TDR] [Velo] [PID] [Sci-Fi] [Trigger] [Phase-Il Eol]
Nik[hef
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https://cdsweb.cern.ch/record/1333091
https://cdsweb.cern.ch/record/1624070
https://cdsweb.cern.ch/record/1624074
https://cdsweb.cern.ch/record/1647400
https://cdsweb.cern.ch/record/1701361
https://cdsweb.cern.ch/record/2244311
https://cdsweb.cern.ch/record/1333091
https://cdsweb.cern.ch/record/1624070
https://cdsweb.cern.ch/record/1624074
https://cdsweb.cern.ch/record/1647400
https://cdsweb.cern.ch/record/1701361
https://cdsweb.cern.ch/record/2244311

LHCb TRIGGER IN RUN 2

LHCb 2012 Trigger Diagram

< L O

LO Hardware Trigger : 1 MHz
readout, high Et/Pr signatures

450 kHz 400 kHz 150 kHz

h H/pp e/y

- ->
Defer 20% to disk ]

~>

)

Software High Level Trigger
29000 Logical CPU cores

Offline reconstruction tuned to trigger
time constraints

Mixture of exclusive and inclusive

selection algorithms

<5

Nik[hef
Patrick Koppenburg Hadron spectroscopy at the LHC

[JINST 14 (2019) P04013, arXiv:1812.10790]

LHCb Run 2 Trigger Diagram

< O O

LO Hardware Trigger : 1 MHz
readout, high Er/Pr signatures

450 kHz 400 kHz 150 kHz
h+ H/pp e/y

: Software High Level Trigger

Partial event reconstruction, select
displaced tracks/vertices and dimuons

Buffer events to disk, perform online
detector calibration and alignment

Full offline-like event selection, mixture
of inclusive and exclusive triggers

g O 3
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http://arxiv.org/abs/1812.10790

[JINST 14 (2019) P04013, arXiv:1812.10790]

LHCb TRIGGER IN RUN 2

Events are buffered on disk (10 PB) while LHCb Run 2 Trigger Diagram
calibrations are being run.
=» Offline-quality trigger objects L r 1
available for analysis_ LO Hardware Trigger : 1 MHz

readout, high Er/Pr signatures

@ Disk =» more CPU. The full — Y Y
reconstruction can also be run during S | G L A |
LHC downtime. LML LT .

: Software High Level Trigger

Partial event reconstruction, select
displaced tracks/vertices and dimuons

Disk usage fraction

Full offline-like event selection, mixture
of inclusive and exclusive triggers

Buffer events to disk, perform online
detector calibration and alignment

20 25 0 3B 40 50 S S 9
Calendar Week 12.5 kHz (0.6 GB/s) to storage
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http://arxiv.org/abs/1812.10790

[JINST 14 (2019) P04013, arXiv:1812.10790]

LHCb TRIGGER IN RUN 2

Events are buffered on disk (10 PB) while LHCb Run 2 Trigger Diagram
calibrations are being run.
=» Offline-quality trigger objects L r 1
available for analysis_ LO Hardware Trigger : 1 MHz

readout, high Er/Pr signatures

@ Disk =» more CPU. The full — Y X
reconstruction can also be run during S | G L A |
LHC downtime. .3 AT T )
1 : Software High Level Trigger .
0.9 Cb Partial event reconstruction, select
§ 0.8 Disk biffer usage displaced tracks/vertices and dimuons
8 8; to 28/11/2017 P
"',5 . Buffer events to disk, perform online
§ 0.5] detector calibration and alignment
g 04 .
¥ 0.3 P - - - -
= 0.2 Full o_ffllne-_llke event sele_ctlon: mixture
o 0'1 of inclusive and exclusive triggers
0 20 25 30 35 40 45 50 : : :

Calendar Week 12.5 kHz (0.6 GB/s) to storage
Patrick Koppenburg Hadron spectroscopy at the LHC 07/07/2021 — LISHEP C [52 / 47]

NikJhef


http://arxiv.org/abs/1812.10790

Tetraquarks

Nik|hef
- Patrick Koppenburg Hadron spectroscopy at the LHC 07/07/2021 — LISHEP C [53 / 47]



[Chen, Chen, Liu, Zhu, Physics Reports 639, 1, arXiv:1601.02092]

PRODUCTION MECHANISM OF EXOTIC CHARMONIA

Channel [ . 0| et 7T N ”+>\A;:<J/w v :::K, z In pp In pp
e X(3872) Y (4008) X(3872) | X(3872)
Y (4260)
PRS- Y (4360)
Y (4660)
AT, Y (4630)
0(25)y X(3872)
xe1(1P)y X(3832)
Xc1(1P)w Y (4220)
m X(3872) X(3915)
X(3940)
T X(4140) X(4350) X(4140)
X(4274)
X(4500)
X(4700)
T 7(4200) Z(3900)
7(4240)
7(4430)
P(2S)m T Z(4430)
Xe1(1P)mFat Z(4051)
7(4248)
h(1P)n ™ Z(4020)
DD Z(3930)
DD* X(3940) Z(3885)
DD X(4160) 7(4025)
Jp P (4380) .
P (4450) Colour coding: neutral — charged
Nik[hef
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[Lebed, Mitchell, Swanson, Progress in Particle and Nuclear Physics 93 (2017) 143, arXiv:1610.04528]

ExoTric CHARMONIA TIMELINE

2003

X(3872) observe

Belle @

2004

Y/(4260) observed at BaBar
Xea(2P) [as Z(3930)] observed at Belle
¥/(4260) confirme )

B R g

L
Events 20 MeVic?
s

F

Events/40 MeV/
Evens/ SOMeVIEH

2005

! 4 Ay

(3940), Y (4008), Y (4660) observed at Belle g I |
Y/(4360) observed at BaBar iiaiidre eI
2006 Y(4360) confirmed at Belle 32 3.84 386 388 39 3% 3880 4080 4260 3% 4 £ El B 35
X(3915) [as ¥'(3040)] confirmed at BaBar My ) (GeV) M(dly) (MeV) I GV
X(3940) confirmed at Belle . . .
,,,[,7% 2 (4050), X(1160), Z*(4250), Z*(1430), X (4630) First observations of X(3872) [Belle, PRL 91 262001 (2003), arXiv:hep-

Events /(0,005 GeV )

o x/0309032], Y(3940) [Belle, PRL 94 182002 (2005), arXiv:hep-ex/0408126],

ol YD) G sk ODF e Y(4260) [BABAR, PRL 95 142001 (2005), arXiv:hep-ex/0506081], Y (4360)
' )] cnnd . s [BABAR, PRL 98 212001 (2007), arXiv:hep-ex/0610057]

o e st e 2003 Belle sees X(3872) by accident in
Z,(10650) observed and confir Belle _

2010 o s 1), 700100 v st ot BT — JAD KT T [Belle, PRL 01262001 (2003), arXivzhep-ex/0309032]
Z.(3900)%, Z,(4020)* observed at BESITT

] o o s L 2005 Belle then searched for it in BT — JipKTw but
Z,(4020)" observed at BESIIT

oo V1) ot 0 found the Y(3940) (e, PRL 94 182002 (2005), arXiv:hep-ex/0408126]

¥ (4274) confirmed at CMS
) rmed at BaBar

s 2005 BaBar searched for it in ete™ — X(3872) with ISR
but did not find it. They found the Y(4260) instead.

[BABAR, PRL 95 142001 (2005), arXiv:hep-ex/0506081]
Y5(10888) no long

s o e 2006 BaBar then looked whether the Y/(4260) decayed
X209 NOT e ¢ LHCY to ¢(25)m T~ with ISR. Instead they found the

Y/(4140), ¥ (4274) confirmed at LHCh
X(4500), X (4700) observed at LHCh

20131

2014 1

¥(4230) observed at BE

2015 P (4380), P (45

20161

AN

Y (4360). [8ABAR, PRL 98 212001 (2007), arXivihep-ex/0610057]
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2003

2004

2005

2006

2007 1

2008+

2000

2010

2011 4

2012

20131

2014 1

2015

20161
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AN

[Lebed, Mitchell, Swanson, Progress in Particle and Nuclear Physics 93 (2017) 143, arXiv:1610.04528]

ExoTric CHARMONIA TIMELINE

X(3872) observed at Belle

X(3872) confirmed at DO, CDF

X(3915) [as Y/(3940)] observed at Belle

Y/(4260) observed at BaBar

Xca(2P) [as Z(3930)] observed at Belle

¥/(4260) confirmed at CLEO-c

X(3940), Y (4008), ¥ (4660) observed at Belle

Y/(4360) observed at BaBar

Y/(4360) confirmed at Belle

X(3915) [as Y/(3940)] confirmed at BaBar

X(3040) confirmed at Belle

ZH(4050), X (4160), Z*(4250), Z*(4430), X (4630)
observed at Belle

Y(4140) observed at CDF

X(3915), X(4350), Y;(10888) observed at Belle

Xea(2P) [as Z(3930)] confirmed at BaBar

¥/(4274) observed at CDF

X(3915) confirmed at BaBar

Z,(10610)* observed and confirmed at Belle

Z,(10650) observed and confirmed at Belle

X(3823) [likely ¢(1D)]. Z,(10610)° observed and confirmed at Belle

Z,(3900)*, Z.(4020)* observed at BESTII
Z,(3900)* confirmed at Belle
2,(3900)° observed at CLEO-c
2,(1020)" observed at BESIIT
Y/(4140) confirmed at DO, CMS
Y(4271) confirmed at CMS
Y(4660) confirmed at BaBar
Z,(1020)* confirmed at BESTIT
Z(4200) observed at Belle
Z+(4240) observed at LHCh
Z#(4430) confirmed at LHCh

5)* abserved at Belle

¥ (4230) observed at BESIII

P (4380), P} (4450) observed at LHCh,
Y;(10888) no longer observed at Belle
X(5568)* observed at DO

X(5568)* NOT observed at LHCh
Y/(4140), ¥ (4274) confirmed at LHCh
X(4500), X (4700) observed at LHCh

(3823) [likely ¥(2D)). Z.(3900)", Z.(4020)° confirmed at BESIIL

T ™7

35 (a) L (b) 13 3

3 3 H i

o H &% Zn 1

g s ElF) g

Sn 3 in

S

£ { { o ol

@ i

T Shm e 99 G G sw  ww i 4 % + %

M(I/y 7r) (GeV) MwJiy) (MeV) [y AT GeVI)

First observations of X(3872) [Belle, PRL 91 262001 (2003), arXiv:hep-
x/0309032], Y(3940) [Belle, PRL 94 182002 (2005), arXiv:hep-ex/0408126],
Y(4260) [BABAR, PRL 95 142001 (2005), arXiv:hep-ex/0506081], Y (4360)
[BABAR, PRL 98 212001 (2007), arXiv:hep-ex/0610057]

@ Liey
O <186V

e " To
t N
E f \ I
Pl Tl

DTy ui,_;‘%mgé"‘“ o Ly yzauwzze

First observations of Z.(4200), Z.(4430)

[PRL 112 (2014) 222002

Y (4140), Y (4274), X(4500), X(4700) [PRL 118 (2017) 022003] P.(4380), P(4450)

[PRL 115 (2015) 072001] Z;(4050), Z»(4250) [Belle,

PRD 78 072004 (2008),

arXiv:0806.4008],  Z.(4200), Z.(4430) [Bell, PRD 90 112009 (2014),
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[LHCb, Science Bulletin 65 (2020) 1983, arXiv:2006.16957]

STRUCTURE IN J/ipJ/ip

Using 9fb~! Run 142 data look at pairs of Jhp

S wf e ~Daa
mesons. S b @,
. P . = E — bkg Iy,
=>» Revisit mass distribution of pHep 06 (2017) 0477 & 2%F == 31 +bkg)
g b 5 bk, bk
(280pb—1) H
o l(X)O:—
@ Require pr > 5.2 GeV/c to maximise soof-
single over double parton scattering 0
T b
T T % 250%:
LHCb 13 TeV ! E =
L‘E: 200 ﬁ
— ko]
150 %

100

o
@

HHJ/L'.//LIZ\ [(;n\'/r']14 g § § g § §

=

[JHEP 06 (2017) 047] Candidates/ (2 MeV/c?) M, [Mev/c]
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[LHCb, Science Bulletin 65 (2020) 1983, arXiv:2006.16957]

STRUCTURE IN J/ipJ/ip

N§ 338 2: LHCb piY > 52 Gevle :%
g 180 - ——— 3.065<M,, <3135GeV/c? 3
810 L I e
fo ++W+ Mg 3
S ot R
§ 60 i TR { +++++++++ mé

40 &

28 ;;*0"‘#'#“{M“Tﬁﬂ**‘*W»*o‘w’m‘**#+m‘#Mﬂ‘*m’,Qr&*ﬁ“a’ﬂ““md r*ﬂ,’.‘ﬁ,é

7000 8000 9000
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Peaks seen at 6.9 GeV/c? and at threshold
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[LHCb, Science Bulletin 65 (2020) 1983, arXiv:2006.16957]

STRUCTURE IN J/ipJ/ip

220 — 77— 77— T
200 —+ Data

180 L HCb — Total fit

160 B8 ors

140 —— NRSPS

Weighted Candidates/ (28 MeV/c?)

7000 8000 9000
Moy [MeV/c?]
Background-only fit. There is a peak at 6900 MeV/c?.
How to fit the low-mass region?
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[LHCb, Science Bulletin 65 (2020) 1983, arXiv:2006.16957]

STRUCTURE IN J/ipJ/ip

220
200
180
160
140
120

—
—]— Data
LHCDb —— Tota fit
Resonance
Threshold BW1
Threshold BW2
=3 ors
e NRSPS
—— - DPS*NRSPS

Weighted Candidates/ (28 MeV/c?)

7000 8000 9000
Moy [MeV/c?]

Model I: Two Breit—Wigner shapes for threshold,
x%/ndf = 112.7/89, p = 4.6%
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[LHCb, Science Bulletin 65 (2020) 1983, arXiv:2006.16957]

STRUCTURE IN J/ipJ/ip

9000

Moy [MeV/c?]

8000

W Interference BW

= Total fit
= Resonance
— = Interference

T
—J— pata

7000

Ipued pelyb A

(z0/Ne N 82) /oM

©

ith NRSPS, p = 15.5%

ing w

: BW interferi

Model Il

LISHEP C [61 / 47]

07/07/2021

spectroscopy at the LHC

Patrick Koppenburg Hadr

Nik[hef


http://arxiv.org/abs/2006.16957

[LHCb, Science Bulletin 65 (2020) 1983, arXiv:2006.16957]

STRUCTURE IN J/ipJ/

220 —————————————————————
200 —f— Daa )
LH Total fit
180 Cb == Resonance
160 ! —— 'Il;f::l'lold BW
140 = NRSPS
== == DPS+NRSPS

L
BRI,

Weighted Candidates/ (28 MeV/c?)

7000 9000
Moy [MeV/c?]
Or parametrise with a single BW
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[LHCb, Science Bulletin 65 (2020) 1983, arXiv:2006.16957]

STRUCTURE IN J/ipJ/ip

20—+
200 —I— Data
180 LHCb — Total fit

— = Interference
160 m Interference BW
140 55 ors

—— NRSPS

Weighted Candidates/ (28 MeV/c?)

7000 8000 9000
Moy [MeV/c?]
BW interfering with SPS continuum
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[LHCb, Science Bulletin 65 (2020) 1983, arXiv:2006.16957]

STRUCTURE IN J/ipJ/ip

20——————
—J— Daa
200 —— Total fit
— ResONance 1
180 s = Threshold BW1
160 —— = Threshold BW2
e = Resonance 2
140 B ops
s NRSPS|

e = DPS+NRSPS

Weighted Candidates/ (28 MeV/c?)

9000
Moy [MeV/c?]

Model | with another BW at 7.2 GeV/c?
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STRUCTURE IN J/ipJ/ip

5]

BE22EEN

8

80F)

Weighted Candidates/ (28 MeV/c?)

T
— oma
J—

— Resnace
— - Itrference
D ineterence 8w
BB ors
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9000
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[LHCb, Science Bulletin 65 (2020) 1983, arXiv:2006.16957]

In all cases a new state T..zz(6900) is ob-
served.

Mass and width, and cross-section R rela-
tive to J/1pJ/1), based on the no-interference
fit:

M = 6905 =+ 11 & 7 MeV/c?
=804 19 + 33 MeV/c?
R =26+06+0.8%

And with an interfering resonance:

M = 6886 & 11 + 11 MeV/c?
[ =168 & 33 & 69 MeV/c?


http://arxiv.org/abs/2006.16957

[LHCb, Science Bulletin 65 (2020) 1983, arXiv:2006.16957]

STRUCTURE IN J/ipJ/ip

< o0 T T = T T T T
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= 700, pi'e <50 Gevic e E 120,
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Weighted Candidates/ (56 MeV/c?)
Weighted Candidates/ (56 MeV/c)
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T 3 2
2 0 ] =
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Model | fit in bins of pr.
Nik|hef

Patrick Koppenburg Hadron spectroscopy at the LHC 07/07/2021 — LISHEP C [66 / 47]


http://arxiv.org/abs/2006.16957

[LHCb, Science Bulletin 65 (2020) 1983, arXiv:2006.16957]

STRUCTURE IN J/ipJ/ip
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Model Il fit in bins of pr.
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LITUDE ANALYSIS OF Bt — D DTK~
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[LHCb, PRD 102 (2020) 112003, arXiv:2009.00026]

AMPLITUDE ANALYSIS OF BT — D DTK~

c
ay
Q
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=
0o
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[LHCb, PRD 102 (2020) 112003, arXiv:2009.00026]

AMPLITUDE ANALYSIS OF BT — D DTK~

(’\T\ F [ | T .
L 60F LHCb{
B _F E
s 90F -
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[LHCb, PRD 102 (2020) 112003, arXiv:2009.00026]

AMPLITUDE ANALYSIS OF BT — D DTK~

New Csdu states

X0(2900) : M =72866 + 7 + 2 MeV/c?
[ =50% 12+ 4MeV

X1(2900) :'M =2904 + 5 4+ 1 MeV/c?
F= 110+ 11 4+ 4 MeV

Model-independently confirmed by

[LHCb, PRL 125 (2020) 242001, arXiv:2009.00025]

35
m(DK™) [GeV/c?]
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[LHCb, arXiv:2103.01803, submitted to PRD]

STRANGE TETRAQUARKS IN BT — JaipoK™

9fp~! update of 3 b1 [PRL 118 (2017) 022003] [PRD 95 (2017) 012002]

é LH‘Cb " I oaa
° 24220+ 170 B* — Jip¢K™ candidates with 4% §,, e
background and 2% BT — JiWWKTK~ K™ B oo

1000]

22 18 20 22
‘ o [GeV?] m,, [Gevd]
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[LHCb, arXiv:2103.01803, submitted to PRD]

STRANGE TETRAQUARKS IN BT — JaipoK™

9fp~! update of 3 b1 [PRL 118 (2017) 022003] [PRD 95 (2017) 012002] ~ § wof W Tl e
e 24220+ 170 B+ — JAbdK™ candidates with 4% = {ﬂ Wﬁ% e
background and 2% Bt — JAbKTK- K™ L L
=» Run 2 almost 5 times Run 1 sample 5 z: j‘ﬂ A“ i

é ;2 24
mgK") [Gev]

)
I
o

3 1405_' T e % 160 | " Lrc

E E 1 l — Run13b? E 1401 H — Run13fb?
4 1205_ M&i iy %{ﬂ —ruzen' | L 120F : i  Ru26ft
= 100F '}1 *111. 1 @ 100F ! 11#* E
% £ ‘ & I s E % E w1 E
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r T I 4 F 1 ]
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[LHCb, arXiv:2103.01803, submitted to PRD]

STRANGE TETRAQUARKS IN BT — JaipoK™

9fpt update of 3fb~! [PRL 118 (2017) 022003] [PRD 95 (2017) 012002]
e Try run-1 model with 5 K*¢ and 4 J/p¢ resonances
= J/iKT distribution poorly modelled

— = . . =
3 600 3 200F 3 700
s F = "¢ z .
g s00f g w0 3
= F = s0F < 500
fxé 4005 g a00f {Ké 400
o 300F e} E e}
'g E '% 300 300
3 %o 38 200f RS
100F 100F 100
ok of —= z 0
42 44 46 48
my,, [GeV]
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[LHCb, arXiv:2103.01803, submitted to PRD]

STRANGE TETRAQUARKS IN BT — JaipoK™

9fpt update of 3fb~! [PRL 118 (2017) 022003] [PRD 95 (2017) 012002]
@ Try run-1 model with 5 K*¢ and 4 J/p¢ resonances

@ Add more resonances: lower-mass kaons, two Z.s and two more X.

S coof S f s
D 600 (] E @ 700
s f = "¢ z .
g sof 3 oo 5
= f = sk = 500
fxé 4005 g a00f {Ké 400
o 300F e} E e} 0
£ 300F
& 20 -l g
S G 200 S 200
100 / 100 100
=116 18 0 42 24 0

2 22 46 48
My [GeV] my,, [GeV]
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[LHCb, arXiv:2103.01803, submitted to PRD]

STRANGE TETRAQUARKS IN BT — JaipoK™

9fb_1 update of 3fb_1 [PRL 118 (2017) 022003] [PRD 95 (2017) 012002]
@ Try run-1 model with 5 K*¢ and 4 J/1p¢ resonances
@ Add more resonances: lower-mass kaons, two Z.s and two more X.
o Clear need of Ji)K™ tetraquarks: Z.(4000)* and Z.(4220)"

~ e 22
C T T T T T T - L
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=50k k3 E F 18
8/ LHCb e 16
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% -4 No Zfit 15[
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[LHCb, arXiv:2103.01803, submitted to PRD]

STRANGE TETRAQUARKS IN BT — JaipoK™

9fpt update of 3fb~! [PRL 118 (2017) 022003] [PRD 95 (2017) 012002]
@ Try run-1 model with 5 K*¢ and 4 J/p¢ resonances
@ Add more resonances: lower-mass kaons, two Z.s and two more X.

o Clear need of J/K™ tetraquarks: Z.(4000)% and Z.(4220)"
¢ Resonant behaviour of Z.(4000)*"
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[LHCb, arXiv:2103.01803, submitted to PRD]

STRANGE TETRAQUARKS IN BT — JaipoK™
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[LHCb, arXiv:2103.01803, submitted to PRD]

STRANGE TETRAQUARKS IN BT — JaipoK™

Contribution __ Significance [xa] Mo [MeV] To [MeV] FF %] —~ : —
ATK(1T) e < . F
2P, K(1H) 45(45) 1861410710 14944123 s 700F
2P, K/(1) 4.5 (4.5) 1911 +37 12 276 +50 3% 9 600fF
1°Py Ki(1400) 9.2 (11) 1403 174 154373 = F
= s500F
AlTK(27) 21+£04777 f E
1Dy Ky(1770) 7.9 (8.0) 1773 186 & 400F
13D, Ky(1820) 5.8 (5.8) 1816 276 o E
AlK(I) 501471 g 300
13D, K*(1680) 4.7 (13) 1717 322 14+273% O 200
2381 K*(1410) 7.7 (15) 1414 232 38571 E
K(2%) 100F-
2P, K;(1980) 16 (7.4) 1988 221191 318482118 23+05+07 ok
K(0)
2'S  K(1460) 12 (13) 1483 336 102412718
X(27) —
X(4150) 4.8 (8.7) 4146 £18+33 135+28%3  20+05%%8 3 700
X(17) = E
X(4630) 5.5 (5.7) 4626 £167 18 174427113 26405722 o 600F
AT X(07) 204571 = 00k
X(4500) 20 (20) 4474 +3+3 77+641 5.6+07%2¢ @ E
X(4700) 17 (18) 4694 + 4115 87+£871° 8.9+£127%%7 +§ 400F
NR /s 4.8 (5.7) 28+8+19 =] E
ATX(17) 6+37,0 'S 300F
X(4140) 13 (16) 4118 +£117% 16242172  17+3%D § 200F
X(4274) 18 (18) 4294 £4+3 53+5+5 28+0570% £
X(4685) 15 (15) 46847413 1261573 72410430 100F
All Zo(17) BE5° L ok
Z.5(4000) 15 (16) 4003+67,;  131+15+26 9.4+21+34 42
Z,,(4220) 50(84) 421642479 2334509 1044310 My [GeV]
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[LHCb, arXiv:2103.01803, submitted to PRD]

TETRAQUARKS INTERPRETATION

Some comments by Richard Lebed: 2 0 ' '
=
Z:5(4000) could be the strange SU(3) partner g 6o
of Z-(3900) [sesin, PRL 110 (2013) 252001 é ﬁ
Zc5(4220) could be the strange SU(3) partner §3°°
of ZC(4020) [BESIII, PRL 111 (2013) 242001] iz
@ However these states are not seen in 0
B decays and wider
X(4630) is close in mass to Y(4626) seen in 3 7
D+ Ds(2536) [Belle, PRD 100 (2019) 111103] %:2
X(4150) is below 50. It could be the § w0
nc2(2D). The mass is predicted to be &
4158 MeV [Barnes, Godfrey, Swanson, PRD 72 (2005) 054026] 100
036 R E—
My [GEV]
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X c1(3872) saga
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[E705, PRD 50 (1994) 4258]

HIDDEN CHARM STATES DECAYING TO J/pntr~

If the enhancement at 3.836 GeV/c? is confirmed by

= 120 ; future experiments, then the most likely interpretation
2 - is that it is due to a ¢€ charmonium state. A more
% 100 speculative interpretation would be that it is due to a
= [ ccqqg state. The lack of a signal in the J/4 7¥7° mass
< r spectrum, shown in Fig. 8, and in the J/4 7¥7* spectra
X 80 [~
v C =
g C 70 =
o 60 F (3837) s yr'm
=5 - 60 —
40 50 F-
F F
~n Ol i 1, 40
Was ﬁ‘le X(3872) seen in t sk
1993 at Fermilab? Ll S
i 3.6 4 G z{/;} 2 20
. - eV/c F
M(v7et e 10E
T in ev/cm i ST (1 ISSTRERTT A FRTR A ANERA FRUR 1 ANTTUERTTL SR TSI
It 10 GeV/cr*L l Lowdinl

300 350 400 450 500 550 600 650 700 750 800
Dipion Mass  (MeV/c?)
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OBSERVATION OF

[Belle, PRL 91, 262001 (2003), arXiv:hep-ex/0309032]

THE X(3872) RESONANCE

; — 12000 e
[ a) data b) MC
300 [~
3
K] 8000 -
o
5 200
<3
2
g 4000 |-
@ 100 -
0 | | L

Belle reported a clear peak in the JjjymTm™
mass spectrum above the ¥(2S) in BT —
Jiprntr~ K decays (36 + 7 events)

My = 3872.0 & 0.6 = 0.5 MeV/c?
<23 MeV
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[Belle, PRL 91, 262001 (2003), arXiv:hep-ex/0309032]

OBSERVATION OF THE X(3872) RESONANCE

‘ —— 12000 1 e Belle reported a clear peak in the JjjymTm™
[ ) doty b) MC .
a0 |- o ) mass spectrum above the ¥(2S) in BT —
3 a000 |- Jiprntr~ K decays (36 + 7 events)
2 200 -
g Tt s i ith p°
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2 r 4000 —
w 1005
TS el | haanan il R P + + Vi H
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[LHCb, EPJC 72 (2012) 1972, arXiv:1112.5310]

Xc1(3872) PRODUCTION AT 7 TEV

LHCb was first to observe the x1(3872) meson in pp collisions (CDF saw it
in PP [PRLYG (2016) 102002])

e Using 2010 data corresponding to 35 pb™!, see 500 y.1(3872) and 4000
¥(2S) in Jpmtr.

o Cross-section times BF in N% ij:::bg'i??ev

25 <y < 4.5 and § :

5 < pr <20GeV/cis g I

w E

54+13+0.8nb y:

600F

@ The mass is also 4005

measured to be 200:
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[LHCb, PRL 110 (2013) 222001, arXiv:1302.6269]

X(3872) QUANTUM NUMBERS

o Five-dimensional angular analysis of <129 : .
B+—) )((3872)[’(+ W|th %100 all candidates LHCb _
X(3872) — J/bmt ™ using 2011 data g ]

= 313 =26 decays in 38 000 g ;
Bt — Jipntn~ KT candidates 5

¢ Unambiguous assignment JP¢ = 1t at 8o. % “} —=— pata ]

This rules out the ¢y (11D,) hypothesis. = af — Simulated =1 E

-------- Simulated J*°=2" 1
SOF ¢ t t =

|cosB, > 0.6
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http://arxiv.org/abs/1302.6269

Xc1(3872) PRODUCTION AT 7 TEV

Candidates / 5 MeV

CMS see x1(3872) with 2011 data (4.8fb™1).

r CMS \Vs=7TeV o

100 L=48fb" —

F 10<p <50GeV  ygata 4

r Iyl<12 —total fit ]

r ---background T

80— signal —

r x10° ]

r 3 6f B
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60— g N

40 £ .

[ O 375738 TEEs 38 365 ]

r maw T Gevl |
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@ They bin in pr

@ And determine the non-prompt fraction,
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4

m(J/Y T [GeV]

defined as /,, > 100 um
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[CMS, JHEP 04 (2013) 154, arXiv:1302.3968]
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http://arxiv.org/abs/1302.3968

[CMS, JHEP 04 (2013) 154, arXiv:1302.3968]

Xc1(3872) PRODUCTION AT 7 TEV aws, |
012 T T T T T T T T T T T T T T T T T T T T T T T T T T ]
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Xc1(3872) PRODUCTION AT 7 TEV

[CMS, JHEP 04 (2013) 154, arXiv:1302.3968]
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http://arxiv.org/abs/1302.3968

[LHCb, Nucl. Phys. B886 (2014) 665, arXiv:1404.0275]

EVIDENCE FOR X(3872) — 1(2S)y

e The nature of the X(3872) is not
clear. The ratio Ry, of decay
widths to ¥(2S)y and J/ipy is
expected to be very different for a
CC state or a pure DD* molecule

e BaBar and Belle results were not |
conclusive

Belle 2011

prediction for pure DD* model

BaBar 2009

,,,,,,,,,,,,,,, predictions for pure cc state

predictions for admixture of cc and DD*
R

ol b Lo b e Lo b as
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[LHCb, Nucl. Phys. B886 (2014) 665, arXiv:1404.0275]

EVIDENCE FOR X(3872) — 1(2S)y

@ The nature of the X(3872) is not .,
clear. The ratio Ry, of decay ;
widths to ¥(2S)y and J/ipy is oo
expected to be very different for a
CC state or a pure DD* molecule

e We reconstruct BY —JfipyK™ %
and fit for the X

4001

; m,
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[LHCb, Nucl. Phys. B886 (2014) 665, arXiv:1404.0275]

EVIDENCE FOR X(3872) — 1(2S)y

@ The nature of the X(3872) is not ,_
clear. The ratio Ry, of decay
widths to ¥(2S)y and J/ipy is
expected to be very different for a
CC state or a pure DD* molecule ¢ 1

e We reconstruct BT —J/ipyK™ & N
and fit for the X

o Same for BT —»¢(2S)yK™: 440 .
evidence g

o
T

30
20

10

ok

m
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[LHCb, Nucl. Phys. B886 (2014) 665, arXiv:1404.0275]

EVIDENCE FOR X(3872) — 1(2S)y

e The nature of the X(3872) is not BaBar 2009
clear. The ratio Ry, of decay Belle 2011
widths to ¥(2S)y and J/ipy is .,
. LHC
expected to be very different for a A —
CC state or a pure DD* molecule s oS for bure cc slate
o We reconstruct BT _>J/1/}7K+ L prediction for pure DD* model
and f|t for the X predictions for admixture of cc and DD*
A o d A L e
@ The ratio is measured to be . . ‘ , J
o T R 4 5 6

B(X(3872) = (2S)y) R
B(X(3872) = Jjun) = 2.46+0.64+0.29

This disfavours the DD* molecule at 4.4¢
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[LHCb, PRD 92 (2015) 011102(R), arXiv:1504.06339]

X(3872) QN wiTH X(3872) — p°Jfp

e The X(3872) state was observed
by Belle (prL o1 (2013) 26001] in oo R o A B O SR AL I
B— XK and X — ntm= I, E—
nature is unknown. e

Highlights of the 2014 ition of the Revicw of Partic

hysics 5

o CDF determined the quantum
numbers to be JP¢ =1+ or 2=+
[PRL 98 (2007) 132002]

o LHCb determined JF’C =1+F
[PRL 110 (2013) 222001] (1 fb™ )

=» One of the PDG highlights of
the 2014 edition

X Both assumed the decay to be
dominated by the lowest angular
momentum Lyin.

 X(4020) (BE
botts
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http://arxiv.org/abs/hep-ex/0309032
http://arxiv.org/abs/hep-ex/0612053
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[LHCb, PRD 92 (2015) 011102(R), arXiv:1504.06339]

X(3872) QN wiTH X(3872) — p°Jfp

e The X(3872) state was observed Bls
PC .
by Belle pr o1 (2013) 26001 J Any L value Minimal L value
Y [ ( ) : 0~" Bn B
o CDF determined the quantum 0*: Byo, Baz Bo
— 1- B, Bi1, Bi2, Bs By, B, B
numbers to be JPC = 1+F or 27+ ., gt gt
01, 221, 222 01
[PRL 98 (2007) 132002] 27t Byy, Biy, By, Bsy By, Bia
By, Bao, Bay, Bea, B B
. PC _ 14+ 2 02, Bao, Ba1, Baz, Bz Boz
o LHCb determined J =1 3+ By, Bso, B, Byo, Bs»  DBia
(PRL 110 (2013) 222001] (1 fb™ ) 3*" Boi, By, Bui, B Bot, B
47% By, Baa, Bs1, Bsa Bs1, Bss

=» One of the PDG highlights of e
the 2014 edition
X Both assumed the decay to be
dominated by the lowest angular
momentum Lyin.

B221 B401 B41~, B427 B62 B22

Parity-allowed LS couplings in
X PO

@ Here we present a re-analysis
using 3 fb~! without this
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[LHCb, PRD 92 (2015) 011102(R), arXiv:1504.06339]

X(3872) QN wiTH X(3872) — p°Jfp

@ Here we present a re-analysis
using 3 fb~! without this
assumption.

e Use 1011 £38 BT — XK,
X — pPJfp decays

@ The phase space is limited

Candidates per 1 MeV

L L
740 760 780 800 820
AM = M) - M) [MeV]

> C T T
2 120 =
Té_ic)o:— + E
i b LHCb ]
ot poMc
8 eof .
sof- +. 3
- \ ]
20 -
PP ]
~ ) )
500 600 700 800
Nik[hef e

Patrick Koppenburg Hadron spectroscopy at the LHC 07/07/2021 — LISHEP C [96 / 47]


http://arxiv.org/abs/1504.06339

[LHCb, PRD 92 (2015) 011102(R), arXiv:1504.06339]

X(3872) QN wiTH X(3872) — p°Jfp

Nik[hef

Here we present a re-analysis T - ™)

using 3 fb~! without this P +

assumption. %m"i‘q:—j;‘l'-i:{:‘i'*_*_ W

Use 1011 +38 Bt — XK, “F cosh 1 Ag 1
Iy X,J/p

X — p®Jfp decays e : : :

The phase space is limited

Use helicity formalism to fit
5-dimensional angular sof I _ E

CandEiales
+
+
-+
i

-
T
(@)
o

. . ] cos6,
distributions e . , ,
T T T S B L
150 T 71
m + n
5 50 =+ .
cos8, A‘nyp

2 0 2
cos@ Ag([rad]
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http://arxiv.org/abs/1504.06339

[LHCb, PRD 92 (2015) 011102(R), arXiv:1504.06339]

X(3872) QN wiTH X(3872) — p°Jfp

@ Here we present a re-analysis
using 3 fb~! without this
assumption.

e Use 1011 +£38 BT — XK™,

ompey Zelpees
soF LHCb Je=0" | J7=0

T e

= Fhis fits] -

Candidates /0.2 Candidates /0.2

“ + : ¥
X — pPJfp decays by T +4
@ The phase space is limited T =T =
ic ism to f AR et S aa R TR
@ Use helicity formalism to fit 84 +H T

5-dimensional angular
distributions

@ Only JPC¢ = 1%+ fits and the
fraction of D-wave is found to be
less than 4%

=» Compatible with tetraquark, molecule or Xc1(23P1) hypotheses (possibly

Nl@gﬁed) It excludes any other charmonium state.
Patrick Koppenburg Hadron spectroscopy at the LHC 07/07/2021 — LISHEP C [98 / 47]
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http://arxiv.org/abs/1504.06339

[ATLAS, JHEP01(2017)117, arXiv:1610.09303]

¥(2S) AND x1(3872) AT 8 TEV

Yk

Study of (2S) and X(3872) production using the a0
y p g > ;
final state JAb(utp~)ntw~ with 8 TeV data. 2! v an ]
2 [ [l signal
@ Prompt and non-prompt components E 0,10 -Background 1
disentangled by pseudo-lifetime fits éoosi ]
0.00-
2.8 3.0 3.2 3.4
@) [GeV]
x10°
2 0.20F T e
= [ 4 Dat 3
< r —=Fit ;’22 o
7 oasf xS ;\J\
3 r —ves)sg g
g ) EE
S o.10f ATLAS .
s : (5=8 TeV, 11.4 fb* E
E 0.05F
=g [
0.00- 3.‘8 3.‘9
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http://arxiv.org/abs/1610.09303
http://arxiv.org/abs/1205.6344

[ATLAS, JHEP01(2017)117, arXiv:1610.09303]

¥(2S) AND x1(3872) AT 8 TEV *‘r?]-

Study of 1(2S) and X(3872) production using the

ATLAS B

38 1020 E|

. _ _ . 2 S — (s=8 TeV, 11.4 fb™ 3
final state J/p(pu*p~)m"n~ with 8 TeV data. 5 & rompiears) ]
e Prompt and non-prompt components < op ]
disentangled by pseudo-lifetime fits 15‘ Lok AATIAS data o ]

e Prompt X(3872) production consistent with 3 we;DNmNRQCD L 7
NLO NRQCD predICtlonS [Artoisenet and Braaten, ?’% IO 20 30 40 50 60 7(;

& X(3872) P, [GeV]

PRDS81 114018, arXiv:0011.2016]. Also consistent with

s 25
CMS [JHEP 04 (2013) 154, arXiv:1302.3968]. 8 E +ATLAS data [8]NLO NRQCD E
g 15f, e
2 El 4 bl
[ T + s
0.5¢ A ««; I 3
10 20 30 40 50 6070

X(3872) p, [GeV]
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[ATLAS, JHEP01(2017)117, arXiv:1610.09303]

¥(2S) AND x1(3872) AT 8 TEV

Study of ¢(2S) and X(3872) production using the
final state J/(utp™)ntn~ with 8 TeV data.

@ Prompt and non-prompt components
disentangled by pseudo-lifetime fits

X

e Non-prompt X(3872) production
consistently low compared to predictions

Br(X(3872) - J/y(u"p)rem)d’a/dp_dy[nb/GeV]

[Cacciari et al.,JHEP 10 (2012) 137, arXiv:1205.6344]

Ratio assuming same mix of b-hadrons:

Theory / Data

B(b— X(3872)(p+ " )any)
B(b— 1(25)(utp)any)

= (3.95+0.32 +0.08)%

=
S}

=
S}
&

,_.
Q
S

-
o
&

-
o
&

25

15F
10F
st

5[ +ATLAS data

ke

r2 e ATLAS 4
E - Vs=8 TeV, 11.4 fb™ 3
oL —— . Non-Prompt X(3872)
E - 3

E [EJFONLL rescaled to X(3872)

76 [ ]Branching fraction uncertainty

10 20 30 40 50 60 70
X(3872) p, [GeV]

E +aTtasdaa  [5]FoniL

£ [Jeranching fraction uncertainty

10 20 30 40 50 6070
X(3872) p, [GeV]

But if B} component is fitted, it is found that (25 + 13 & 2 + 5 (spin))% of

non-prompt X(3872) come from B} =¥ Puzzling!
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[Compass, PLB 783 (2018) 334, arXiv:1707.01796]

X(3872) MUOPRODUCTION covigss
[ -

@ Placeholder

counts/(0.02 GeV/c?)
N s o0DRR

3 E ) oy 3
g0t gy 5o
a0 E i) \Vr' o
10 E lUf .
10°E o
10" E \[
10757 L [E T N -
M, ., [GeVic]
$ie
16
814
] 12
EN
Z 6
S 4
g 2

4 36 38 4 4z 4d 46 _ 48
My, ., [GeVICT]

AN s 0D~

counts/(0.02 GeV/c?)

3485 38 4 42 44 46 48
M, [GeVici]
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http://arxiv.org/abs/1707.01796

[LHCb, JHEP 09 (2019) 028, arXiv:1907.00954]

OBSERVATION OF A — x1(3872)pK~

The X(3872) is now called L
Xc1(3872). ;E;;
Find 55 + 11 (70) A9 — 7 -
XC1(3872)pK_ With XC1(3872) % 23.553 56 7552 564 5567 362 364 356 363/ 37 372
¢(25)7r+7r_ s ‘, vw‘ [ce »‘/ | . nppen GV

B(A9— xc1(3872)pK ) oy 1 ]
Rues) = BT y(25)K) S E

b w ° 2%%_}%44& *w}im sl - ii'{'ﬂ 'H- %{' +++H++'H

B(XC1(3872) — J/¢7T+7T_) 55 ssmwi‘a’z . SGA[CS\G/G ] 38 3?;\”1‘" 39 v ]95
B(¢(2S) — Jpmtn) ‘
= (5.4+1.140.2) x 1072

The  combined  BF s ) JLWF

1.24+03402) x 107° Yo
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[LHCb, JHEP 09 (2019) 028, arXiv:1907.00954]

OBSERVATION OF A — x1(3872)pK~

The X(3872) is now called

Xer(3872). A ppK | e ]
Find 55 + 11 (70) A9 — o
Xc1(3872)pK ™ with x1(3872) — B yK L ]
»(2S)m T

B? — pK° [ e 1

o B4 xa(3872)pK")
P(2S) — B(/lg — $(2S)K) Bt - Kot 1
B(xc1(3872) — Jpntn™)

B(¢(2S) — Jprtn)

= (5.4+1.140.2) x 1072

Bt — Yt r -+ ]

0 002 004 0.06 0.08

The combined BF is Ry2s)
! %ef2 +0.3+02) x10°° Compared with PDG averages
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[LHCb, JHEP 09 (2019) 028, arXiv:1907.00954]

OBSERVATION OF A — x1(3872)pK~

T T T T T T T T L —— LI — L ——
L. 1 A —upk | . ]
R 1 B KO L 1
L — ] BO - ‘ll)KO L P PR i
= — ] BT — 11)KO7T+ = ——— -
= —e— ] B+ - .lanr = —e— -

L1l L1 11 Ll Ll ] L1 L1l L1
0 0.005 0.01 0.015 0 0.01 0.02 0.03

Ry Ry,
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[LHCb, PRD 102 (2020) 092005, arXiv:2005.13419]

LINESHAPE OF THE X.1(3872) MESON

Using 3fb~! 2011-12 detached
Jpmtn data, study the x.1(3872)
lineshape (15k signal). 1(2S) is used

800

as control. s
m = 3871.70 £ 0.07 + 0.07 = 0.01 MeV ;:aoo
= 1.39+0.24+0.10MeV Egi]
First measurement of the BW width! Em

g

Is the xc1(3872) above or below D*°D
threshold?

m(D*°D) = 3871.69 + 0.06 MeV

. . . . . . . .
384 38 388 39 384 38 388 39
M Jjyr+a [GeV] Mpprtn [GeV]
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[LHCb, PRD 102 (2020) 092005, arXiv:2005.13419]

LINESHAPE OF THE X.1(3872) MESON

For a resonance near threshold with coupled channels, the Flatté parametrisa-
tion is to be used [vu, Kalashnikova, Nefediev, PRD80 (2009) 074004]

dR(Jfprta) p(E)
9 (B~ Er 4+ §lg (a4 ko) + T(E) + Tu(E) + Tol|

Ef =mg — (mDo + mD*o)

¢ : various decay modes

— X — . — . i i i
10.00 +0.05 3 - I}?lr;:::“ igner iz 7000713111;:::17\1\'&:; ?;.d background §
mode == 387169 —0.04 —0.13 MeV 3 Z 60005 — Flatté LHCD 3
’ ’ 3 2 so00f E
_ +0.07 40.11 : m_J\_
3 2000F E
4 000p E
387 EER) asr O 3@ ame 38 39
M GEV) Myrine GeV]
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[LHCb, PRD 102 (2020) 092005, arXiv:2005.13419]

LINESHAPE OF THE X.1(3872) MESON

0.2

Analytic continuation of Flatté function
in complex space.

4

Im E [MeV]
=2

Poles found:

o

Sheet Il :( 0.0569 — 0.12561) MeV
Sheet 11l :(—3.5780 — 1.21651) MeV

Xc1(3872) looks like a quasi-bound*
state of D*°D with binding energy of
24 keV (Ep < 100 keV at 90% CL)

0.2 0.4
Re E [MeV]

Phase on complex E plane, with
trajectory when other couplings are
moved to 0.

* In the limit of all other couplings being switched off
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[LHCb, PRD 102 (2020) 092005, arXiv:2005.13419]

LINESHAPE OF THE X.1(3872) MESON

0.2

Analytic continuation of Flatté function
in complex space.

4

Im E [MeV]
2

Poles found:

o

2

Sheet Il :( 0.0569 — 0.12561) MeV
Sheet 11l :(—3.5780 — 1.21651) MeV

Xc1(3872) looks like a quasi-bound*
state of D*°D with binding energy of
24 keV (Ep < 100 keV at 90% CL)

0.2 0.4
Re E [MeV]

Phase on complex E plane, with
* In the limit of all other couplings being switched off Wldth Of D*o ta ken into account
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[LHCb, PRD 102 (2020) 092005, arXiv:2005.13419]

LINESHAPE OF THE X.1(3872) MESON

Analytic continuation of Flatté function

0.2

. ; T ._
in complex space. z sheet IV |
Poles found: ‘;

—0..

Sheet Il :( 0.0569 — 0.12561) MeV
Sheet Il :(—3.5780 — 1.2165i) MeV 04

Xc1(3872) looks like a quasi-bound* i
state of D*D with binding energy of -osf

24keV (Ep < 100keV at 90% CL) : e —
J Y E O R E T BT
—10A4 -0.2 0 0.2 0.4
* In the limit of all other couplings being switched off Re E [MeV]
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[LHCb, PRL 126 (2021) 092001, arXiv:2009.06619]

Xc1(3872) PRODUCTION VERSUS MULTIPLICITY

Tl~ °#F LHECO ' rTT T -
£ |k C pp s=8Tev ~+ Prompt b decays ]
3 [k R p.>5GeV/cg . . =
= > o Comover Interaction Model, Esposito et al. o
N Y s Molecule Compact 5 Molecule
<17 E (coalescence) tetraquark (geometric)
~ | r -
2 &)/ 0.08 x ]
;ﬂ R o —#— =
[nd -

0.04 -
- - ]
:3 3 002 — =
s} N o E

0 1 1 1
0 50 100 150 200
NVELO
tracks

Ratio of ¢(2S) and x.1(3872) production, for prompt and b decays.
The from-b ratio is consistent with being flat. 50 slope for prompt, compared
with predictions from [esposito, Ferreiro, Pilloni, Polosa, Salgado, arXiv:2006.15044].
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[CMS, PRL 125 (2020) 152001, arXiv:2005.04764]

0 ,
OBSERVATION OF B/ — x1(3872)¢ Gws, |
- CMS 140 fb (13 TeV) - CMS 140 fb* (13 TeV)
© 200§ pata © 140 1 Data
2 180F —Fi 2 E — Fit
~ 160F — (X(3872), ) } o 120p (X(3872), @)
0 E ! 0 E !
L 140F — - (X(3872), bkg) % 2 100 — - (X(3872), bkg)
© E T © £
S 1205 ---(bkg, @) } % S gob (ka9
2 100 -+ (bkg, bkg) = E o (ko bko | ;
O  80F X o 60 ;} ....................
60F 40
40 3 £
20( 20 /o N
e S 3 | AN ]
3.80 3.85 3.90 3.95 1.00 1.01 1.02 1.03 1.04

m(Iy ) [Ger m(K'K) [GeV]
Using 140 fb~! 13 TeV data, find 300 + 40 B? — x1(3872)¢
B(B2— Xc1(3872)¢) B(xc1(3872) —» Jfym*n™)
B(B2— (25)9) B(¥(2S) — Jppmtn~)
B(B — xc1(3872)¢) B(xc1(3872) — JipmTn~) = (4.14 4+ 0.54 + 0.32 + 0.46 (B)) x 107°
B(B? — xc1(3872)$)/B(BT — xc1(3872)K ™) = 0.482 + 0.063 + 0.037 + 0.070 (B)

=(2.21+0.29 £0.17)%

Which may indicate a different production mechanism in B and B* (B? is consistent with B°)
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[CMS, arXiv:2102.13048]

Xc1(3872) PRODUCTION IN PBPB

1.7 nb* (PbPb 5.02 TeV)

@4005 CcMS 15<p <50 GeVic 3
2 Inclusive ly|<16 3
Cent. 0-90% 5

1.7 nb™* (PbPb 5.02 TeV)

B PbPb (5.02 TeV)
Iyl < 1.6, 0-90%

M
T[T T
A

w(2s)

< b-enriched (Ixy > 0.1 mm) +data H pp (7Tev)
S T Iyl < 1.2 (CMS)
[} ----packgrounda 4
2 sof ground 3 " pp (8 Tev)
3 5_ |yl < 0.75 (ATLAS)
g 20:_
2 R
€ 19 15 AP B I I BRI IR
u b ) ) ) | ) N 920 30 20 50 60 70
365 37 375 38 385 39 395 4 p. (GeV/c)
My (GEV/C?) T

Evidence for very enhanced x.1(3872) production in PbPb collisions at /syy =
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P} saga
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[LHCb, PRL 115 (2015) 072001, arXiv:1507.03414]

OBSERVATION OF TWO PENTAQUARKS

We knew there was something strange in  £°°%
= F
Ag — JWpK™ DHEP 07 (2014) 103] [PLB 734 (2014) 122] 8%°F @  LHCb
[PRL 111 (2013) 102003] 5 2°°°F
. . . - 9 ook | |A(1520) T daa
=» Revisit this channel with a clean selec- : — phase space
tion: 26000 + 170 decays 1000F
. 500 [
o Reflections from B? vetoed :
e Smooth efficiencies and backgrounds N (<
over Dalitz plane g
= : . : B
%7000 LHCb 3 ]
< 6000 E 4
%5000 E E
£ 4000 E m
3000 E F
2000 3 L ]
1000 E ;\ Il Il Il Il ;
0 5500 5600 5700 8 8 8 § 2 3 4 5 2 6 2-
Mypyip MeV] (oW S1)/sWenT Micy [GeVv7]
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[LHCb, PRL 115 (2015) 072001, arXiv:1507.03414]

OBSERVATION OF TWO PENTAQUARKS

We knew there was something strange in A9 — JAppK™ pner o7 2014) 103
[PLB 734 (2014) 122] [PRL 111 (2013) 102003]

=» Revisit this channel with a clean selection: 26000 + 170 decays
o Reflections from B? vetoed

@ Re-optimised boosted decision tree trained on simulated signal and data

< T T T
background. 2 7000

= LHCb

¥ 6000

£ 5000
c
2

T 4000

3000

2000

1000

0

,
H

5500 5600 5700
M ykp MeV]
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http://arxiv.org/abs/1307.2476

[LHCb, PRL 115 (2015) 072001, arXiv:1507.03414]

OBSERVATION OF TWO PENTAQUARKS

2 2
m¢, [GeV7]
Kp
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http://arxiv.org/abs/1507.03414

[LHCb, PRL 115 (2015) 072001, arXiv:1507.03414]

OBSERVATION OF TWO PENTAQUARKS

< 3000p S E
2 C 2
S 2500 (@ LHCb & 800F ®) LHCD

C\l L s E
2 2000F 2 £
= E | [Aas20) € 600E
o E —=— data o E
1500F E
u — phase space 400E
1000F E
500 200¢

PR T ST T S :|||I|||I|||I|||I|||I|

22 24 40 42 44 46 48 50

my, [GeV] my,.,, [GeV]

Clear difference with respect to phase-space

@ In mk-, it is due to excited A resonances

“mce @ Inmyy,, it is very puzzling
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[LHCb, PRL 115 (2015) 072001, arXiv:1507.03414]

OBSERVATION OF TWO PENTAQUARKS

< F (@) efficiency .. EFFICIENCIES? Can it be sculpted by
imf_ LHCb . efficiencies?
€ 225_ s e Efficiencies vary smoothly by a
£ ps factor two over Dalitz
; s o Modelled using phase-space
185_ p2 Simulation. Our detector response
5 g g e is well validated in many similar
% 26| (b) background 25 analyses.
“:;245_ LHCb . BACKGROUND? We look in the
"L .. sidebands and find nothing peaking.
b i o Peaking B® and B? are vetoed.
185_ o Reconstruction artefacts are
165—, . : : . i investigated.

6 7a
my,? [GeV?]
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[LHCb, PRL 115 (2015) 072001, arXiv:1507.03414]

OBSERVATION OF TWO PENTAQUARKS

If it is not an artefact, it must be physics.
Perform 6D amplitude

=» Can it be a conspiracy of interfering A e ,
analysis in HAI(;, O, Oy,

resonances? See also [prL 117 (2016) 082002].

c oK, Du, and mgp.
. bWC} Jhp But not m .
Ay s

3 . A, rest frame
_’_\g } A q)A, =0
+/¢¢4 - A rest frame

Y rest frame

lab frame
Patrick Koppenburg Hadron spectroscopy at the LHC 07/07/2021 — LISHEP C [120 / 47]

Nik[hef



http://arxiv.org/abs/1507.03414
http://arxiv.org/abs/1604.05708

[LHCb, PRL 115 (2015) 072001, arXiv:1507.03414]

OBSERVATION OF TWO PENTAQUARKS

Matrix Elements with only A* resonances:

A —>An1b
A07>\p; ANy = Z z Z H)\A* Ay Ao,)\A*—)\w 0, 9/1?:’ 0)*
n Aae Ay

M{

'HA:"KP

>\A* ,\ (¢K39A* ) RA,-T(mKP) D)\lw,AA”(¢m0w70)*a

A, rest frame

A rest frame
P rest frame ®

lab frame
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Two different implementations of the

fitter, done by two groups on two con-

tinents. They differ by the background

treatment

CFIT: Sideband data are used to
construct 6D model of background
shape.

sF1T: Background is statistically
subtracted using sPlot weights from

mass fit [Le Diberder, Pivk, NIM A 555 356 (2005)].

It is common practice in LHCb to have
these two approaches.

NikJhef

[LHCb, PRL 115 (2015) 072001

OBSERVATION OF TWO PENTAQUARKS

, arXiv:1507.03414]

LHCb

5700
M kp MeV]

(b) background
LHCb

6
Mo? [Gev]

25
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http://arxiv.org/abs/physics/0402083

[LHCb, PRL 115 (2015) 072001, arXiv:1507.03414]

OBSERVATION OF TWO PENTAQUARKS

State JP My (MeV) To(MeV) Red. Ext.
A(1405) 1/2- 14051113 505+20 3 4
A(1520) 3/2~ 1519.54+1.0 156+10 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.
Nik[hef
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[LHCb, PRL 115 (2015) 072001, arXiv:1507.03414]

OBSERVATION OF TWO PENTAQUARKS

Extended Model — M data — e fit

A All known A* resonances get the pK~ mass
<2200 S
St ! e right, but not the J/)p mass.

) 4
< 1800) - A(1405)
3 M & A1520)
© 1600f f /\(1600)

@ We use the extended model in this fit

=» Adding more A resonances does not help
[PRL 117 (2016) 082002]

o Letting the width and masses float does not
help

o Adding Al = i-suppressed X" (I = 3)
resonances does also not help

When you have eliminated the

impossible, whatever remains, however
improbable, must be the truth

Myrp [GEV]
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http://arxiv.org/abs/1507.03414
http://arxiv.org/abs/1604.05708

Extended Model — M data — e fit

—a— data
]
= 2000| z —e— total fit
background
wn a)
isoof ¢ @ LHCb - A(1405)
5 -5+ N(1520)

# (1600)

Phbdddhduik

Myrp [GEV]
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[LHCb, PRL 115 (2015) 072001, arXiv:1507.03414]

OBSERVATION OF TWO PENTAQUARKS

All known A* resonances get the pK~ mass
right, but not the J/i)p mass.

When you have eliminated the
impossible, whatever remains, however
improbable, must be the truth



http://arxiv.org/abs/1507.03414

Extended Model — M data — e fit

—a— data
H —e— total fit
background

-k A(1405)

O A(1520)
# (1600)
i A(1670)

PRék araski

=
Myrp [GEV]
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[LHCb, PRL 115 (2015) 072001, arXiv:1507.03414]

OBSERVATION OF TWO PENTAQUARKS

All known A* resonances get the pK~ mass
right, but not the J/i)p mass.
State JP Mo (MeV) T (MeV) Red. Ext.
A(1405) 1/2- 14051113 505+20 3 4
A(1520) 3/27 15195+1.0 156=+1.0 5 6
A(1600) 1/2F 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 2
A(1810) 172+ 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) 5/2F 2110 200 1 6
A(2350) 9/2% 2350 150 6
A(2585) 7 ~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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[LHCb, PRL 115 (2015) 072001, arXiv:1507.03414]

OBSERVATION OF TWO PENTAQUARKS

Matrix Elements with a Pentaquark:

Pc NP K 5 .
Mg e =220 Mo ;O,Ap(m,em,o)

J o Ape )\Pc
Pej—p  JPe; 1 P gP
H)\;{: )\Pc D)‘PCVJ)‘ZC_)‘;:C ((bw? 0Pc7 O)*Rch(mwp) D)\Pc AAPC (¢HC7 0 C? 0)*7

 rest frame A, rest frame <|> _n

lab frame
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[LHCb, PRL 115 (2015) 072001, arXiv:1507.03414]

OBSERVATION OF TWO PENTAQUARKS

Reduced Model — M data — e fit

@ There is an obvious peak at

€ ok ! e myyp = 4.45 GeV/ c?: Add one P} state with
S soo : (@ LHCb — o f JP
2 : - ree .

:1600 E] O 2(1520)
Euoo i Aﬁi??gi U . f f JP o 5+

b o e X nsatis actory 1t. =35 -

- AG810)
1000) oo A(1820)

v AGs30)

800 a-- A(1890) S -
- A(2100) -_—

9 2T Ao u

400| ewee A(2350) ~
4= \(2385) W

2z
cco
occCcoo

5
Myrp [GEV]
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[LHCb, PRL 115 (2015) 072001, arXiv:1507.03414]

OBSERVATION OF TWO PENTAQUARKS

Reduced Model — M data — e fit

@ There is an obvious peak at

Sk ! =, myyp = 4.45 GeV/c?: Add one P} state with
31300 : @ LHCb s gﬁ(ﬂg;‘m P
P o o free J©.
e S O A1520) . . P 5+
Sk e X Unsatisfactory fit. J© =3 .

1000| -¥-- A(1800)

oo | o Add another P

600} v A(1830) ]

o 57 Ao v Good fit

e N(2110)
- | Pc(4380)" P.(4450)*
JP 3- 5+

2 2
Mass [MeV/c?] | 4380 £8+29 4449.8+1.7+25
Width [MeV] | 205 + 18 + 86 39+5+19
Significance 90 120

Myrp [GEV]
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[LHCb, PRL 115 (2015) 072001, arXiv:1507.03414]

OBSERVATION OF TWO PENTAQUARKS

Reduced Model — M data — o fit @ There is an obvious peak at
myyp = 4.45 GeV/c?: Add one P} state with
free JP.

X Unsatisfactory fit. J© = 5

o Add another P}
v Good fit

| Pc(4380)* P.(4450)*
_]P 3= 5T
2 2
Mass [MeV/c?] | 4380 £8+29 4449.8+1.7+25
Width [MeV] | 205 + 18 + 86 39+5+19

Significance 90 120
¢/ The angular distributions are well reproduced
A T 3+ 55— 5+ 3—
. "”"‘%‘ oAlSOOK.(E,j)Or(i,é)
j ,«“";‘;‘%.,; 0 ] =» In any case opposite parities
Thessadai i) -‘*"‘*:; e Minimal quark content: ccuud
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OBSERVATION OF TWO PENTAQUARKS

Reduced Model — M data — e fit

[LHCb, PRL 115 (2015) 072001, arXiv:1507.03414]

S 2209
3
= 200
SR
3
2 1609

=
& 1400

$
4 @ LHCb
L)
4
i

—=— daa
—e— totalfit
—— background

= P(4380)

Lo4

SRR L-E TR

Amplitude analysis:
e

P.(4450)

- A(1405)
- A(1520)

A(1600)

A(1670)
- A(1690)
- A(1800)
- A(1810)
- A(1820)

A(1830)
- A(1890)
- A@2100)
- A@110)

-data
- otal it

LHCD.

<+ Aoy
< Aq1s50)
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[LHCb, PRL 115 (2015) 072001, arXiv:1507.03414]

OBSERVATION OF TWO PENTAQUARKS

Reduced Model — M data — e fit The interference pattern confirms the oppo-
<400 T . .
2l i e *\; ' site parities:
#, . _ o
: w f ‘t &ﬁ' At cos szr ~ —1, low mgp: negative
i 2007 g,, “‘2{. T 4" T interference.
N $ o At cosfp+ ~ +1, high my,: positive
- # interference.
2 s -
) ##% Combined P,
g LHCo 2 [ LHeo - Plaas0)
< 400 —— P(4380)
i 5
2
8300
5
o

K™ p mass ranges: a) myp < 1.55
b) 1.55 < mk, < 1.7¢) 1.7 < myqp, < 2
d) 2 < mgp 0 1
cos(epr)
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[LHCb, PRL 115 (2015) 072001, arXiv:1507.03414]

OBSERVATION OF TWO PENTAQUARKS

—
S 6k -
2 L —
(3] 6 ]
O ]
o241 i
S - |
S N ]
221 1
201
: LHCb m,,>2 GeV
i “T & data A(1670) ]
: -@- total fit -+ \(1690)
& 200 — background “* \(1800) E
5 : ‘ 45 P (4450) 7 A(1810)
‘p43s0) | A1820)
i ? ! > =P -7 A(1830)

100fg- -+-A(1405) ., A(1890) 4
-5+ \(1520) -4 A(2100)

A(1600)
L

6
mz, [GeV?]

-4 N(2110)
L L

o Cutting at mg, > 2 GeV/c?
enhances P fraction

=» Should be visible in other LHC
experiments
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OBSERVATION OF TWO PENTAQUARKS

[LHCb, PRL 115 (2015) 072001, arXiv:1507.03414]

T T T T T T T
- ' ]
0.1

= (b)

0.05F + \ -
04 . e P.(4380)
0.15F f ‘

! I E
+ ' E
. = .
' . [l
-0.3F

'LHCb +
B bbb bbb b v b 3

TR N A N R T A I
Re A%

'
-0.35
2035 -0.3 -0.25 -0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 -01 -005 0 005 01 0.15 0.2 025 0.3 035

Re At
The Argand diagram shows the typical phase motion of a resonance for the
P.(4450)". For the P.(4380)", one point is off by 20.
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[LHCb, PRL 115 (2015) 072001, arXiv:1507.03414]

OBSERVATION OF TWO PENTAQUARKS

& E = T T T T
o E 2 1@ my, <155 () 1.55 < my, <41.7
E =
« E S 200+
2 19F &
[ NE) E
E 1sf
E = € L7 <my, <2 (d) mgp > 2
= wn
E f=3
E 5 t_ LHCb
13 E M PPN B DR 5 i 1

1
3 4 5 6 N
m2, [GeV?]

N
=]
S
T
-u

]

There are no known J/iy K™ tetraquarks, . [ +
: S o A | T,
N total fit - \(1690;
but there are the Z. states decaying to P R ; \& 1 o = Ao
@ 4% P(4450)  °
Jpprt A Theg e
+ m . -+ A(1405) . A(1890)
v No need to add J/YK " iy | ONSO oy
4 4.5 4 4.5
tetraquarks My 1G8V] My g [GeV]
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[LHCb, PRL 115 (2015) 072001, arXiv:1507.03414]

OBSERVATION OF TWO PENTAQUARKS

Source My (MeV) T (MeV) Fit fractions (%)
4380 4450 4380 4450| 4380 4450 A(1405) A(1520)

Extended vs. reduced 21 02 54 10| 3.14 0.32 1.37 0.15
A* masses & widths 7 07 20 41 058 0.37 2.49 2.45
Proton ID 2 03 1 2| 027 0.14 0.20 0.05
10 < pp < 100 GeV 0 1.2 1 1] 0.09 0.03 0.31 0.01
Non-resonant 3 03 34 2| 235 0.13 3.28 0.39
Separate sidebands 0 0 5 0| 0.24 0.14 0.02 0.03
FPET ) (3,3 10 1.2 34 10| 0.76 044
d=15-45Gev! 9 0.6 19 3] 029 0.42 0.36 1.91
L A9 — PX(4380/4450)K~ 6 0.7 4 8|037 016

Lp, PF(4380/4450) — Jibp 4 04 31 7| 063 0.37

Ly A — Jpp A 11 03 20 2|08l 053 334 2.31
Efficiencies 1 04 4 0]013 002 02 023
Change A(1405) coupling 0 0 0 0 0 0 1.90 0
Overall 29 25 86 19| 421 1.05 5.82 3.89
sFit/cFit cross check 5 1.0 11 3] 046 0.01 0.45 0.13

Uncertainties added in quadrature. “4380": P.(4380)%, “4450": P.(4450)"
Nik[hef
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[LHCb, PRL 115 (2015) 072001, arXiv:1507.03414]

OBSERVATION OF TWO PENTAQUARKS

State | JP Mass [MeV/c?] Width [MeV]  Fit Fraction [%)]
P.(4380)7 | 3~ 4380+8+29 205+18+86 B8.4+0.7+4.2
P.(4450)" | 37 44498+17+25 39+5+19 41+05+11
A(1405) 15+146

A(1520) 19+1+4

These fit fractions are converted into branching fractions

[LHCb, Chin. Phys. C40 (2016) 011001, arXiv:1509.00292]
B(A— P (4380)K ™) x B(PL — Jjup) = (256 022+ 1.28 *§4¢) x 107°
B(A§— PX(4450)K ™) x B(PE — Jfp) = (1.25£0.15+0.33 1 §32) x 10~°

. ‘ A(=2 Igﬁ) Significance The significances are deter-
0— 1P 14.7 120 mined using the extended
1 — 2P} 11.62 90 model.
0 — 2P+ 18.72 150
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[LHCb, PRL 117 (2016) 082003, arXiv:1606.06999]

ExoTics IN A)— Jhbpr~

A9 — Jpppr~ re-analysed after 2014 ob- Sl - 3
servation pHep o7 (2014) 103 With full angular fit, =""F ]
. — 400 E
as IN [PRL 115 (2015) 072001]. P ]
. £ 300 E
Need to describe all N resonances (A neg- 2,00k E
ligibl g b ]
gible) © 100f 3
State JP Mass (MeV) Width (MeV) RM EM 0 : L
NR pr 1/27 - - 4 4
N(1440) 1/2* 1430 350 3 4 Mygpr [GEV]
N(1520) 3/2- 1515 115 3 3 T« T ——
N(1535) 1/2- 1535 150 4 4 3 OF b
N(1650) 1/2- 1655 140 14 O, 28F &
N(1675) 5/2- 1675 150 3 5 = F E
N(1680) 5/2F 1685 130 -3 o2 BF E
N(1700) 3/2~ 1700 150 -3 IS E
N(1710) 1/2F 1710 100 -4 3 E
N(1720) 3/2F 1720 250 3 s 22¢ E
N(1875) 3/2- 1875 250 -3 20F E
N(1900) 3/2% 1900 200 -3 18E E
N(2190) 7/2° 2190 500 -3 E el E
N(2300) 1/2F 2300 340 -3 16k . ; _—
N(2570) 5/2~ 2570 250 -3 2 6
Free parameters 40 106 m;zm [GeVZ]
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[LHCb, PRL 117 (2016) 082003, arXiv:1606.06999]

ExoTics IN A)— Jhbpr~

S oo a7
[5) . *.
S102F T AL
o f P, (4450) 1
N P.(4380)
5 Z,(4200)
=]
Q2
> 10f
| ’E\mo—(a)‘ cb ] ?O, ® ‘ +LHC‘b ]
17 15 2 25  of 1]
my [GeV] S120F 4 ‘ 13
. S100f E
Two fits: S gof
60F E
@ Only N states aof gl 1
20F T E
e Add :DC+ and RRARRECY: 4 fﬁs 35 4 45
Z.(4200)~ — Jfpm~ MG MG
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[LHCb, PRL 117 (2016) 082003, arXiv:1606.06999]

ExoTics IN A)— Jhbpr~

The fit fractions are T
150 -+ J
P.(4380) : 5.1+ 15721 % 0f m

cosé ,
p.(4450) 1.6 735 93 % N
Z.(4200) : 7.7 £2.8 130 % Saatasenv s Masatanaas saninen
%150- r LHCb ]
There is a 3.3¢ significance for the Eloo- 1 n 1 T Rineezaze,
cosHy. ##% P(4450)

presence of exotic states. The fit sof 1 wa i
does not allow to say which.

™ P R e 1 ! 1

150F + 4 + ]

No P} would require (17.2+3.5)%

L 100 L ]
Z-(4200), which is much more than AL @,
. _ L JI 3
n BO — J/¢K+7r [Belle, PRD 90 (2014) % Y +
o L ST
112009] =L 05 0 05 . -2 0 2
cosé @[rad]
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[LHCb, PRL 117 (2016) 082003, arXiv:1606.06999]

ExoTics IN A)— Jhbpr~

The fit fractions are

P.(4380) : 5.1+ 15721 %
Pe(a450) : 1653 13 %
Z.(4200) : 7.7 £2.8 38 %

There is a 3.30 significance for the presence of

exotic states. The fit does not allow to say which.

No P would require (17.2 + 3.5)% Z.(4200),
which is much more than in B® — Ji/K* 1~ [see,

PRD 90 (2014) 112009]
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[LHCb, PRL 122 (2019) 222001, arXiv:1904.03947]

OBSERVATION OF NARROW PENTAQUARKS

Update of Run 1 analysis [pru 115 (2015) 072001]

i LHCb

=» Reuvisit this channel with an updated
BDT: 246 000 A) — J/ippK~ decays (10
times Run 1) and 6.4% background.
o Reflections from B? vetoed
o Re-optimised BDT including PID (new)

)
<]
<]
S
T

2000 A(1520)

\

\
?.4 T6 T8 2 22 24 26

Candidates/(2 MeV)

1000~

§ 10000
800
6000)
4000)
2000)

my, [GeV]
H <
1o 10* §
B LHCb o
£ S
Jo =)
a < %
s o o
2 18000 5 9
216000 Je S
i < 3
£ 14000 . 10 3
£ 12000 s
b
2
IS
(8]

8

1

6 /
h
L
4.2 .

I I I ! Lo I
lZ 25 3 35 4 45 5 55 6 65

L |
[ BT T
O %500 5550 5600 5650 5700 5750 g 8 8 8§ & 6
R 2
My [MeV] (AW 2)/serepipued mg, [GeV7]
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[LHCb, PRL 122 (2019) 222001, arXiv:1904.03947]

OBSERVATION OF NARROW PENTAQUARKS

Update of Run 1 analysis [pru 115 (2015) 072001]
=» Reuvisit this channel with an updated
BDT: 246 000 A) — J/ippK~ decays (10
times Run 1) and 6.4% background. ‘
o Reflections from B? vetoed )
o Re-optimised BDT including PID (new) 1000;/'\%\

@ Only 2 dimensions used: J/i)p and cos @ R w e

my, [GeV]

i LHCb

)
<]
<]
S
T

2000+ A(1520)

Candidates/(2 MeV)

=» No sensitivity to
Argand diagram

10
LHCb 0

% 18000

o

f

£ 12000

§ 10000
800
6000)
4000)
2000)

LHCb

8
Candidates/(0.105x0.045 GeV*)

/

I I I ! I
lZ 25 3 35 4 45 5 55 6 65

IR - 1
’ 8 g 2 g 8 2 2
(ASW 2)/sarepipueD m, [GeV?]
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[LHCb, PRL 122 (2019) 222001, arXiv:1904.03947]

OBSERVATION OF NARROW PENTAQUARKS

< 26 <
[} 2
8 102 3
S 3
w3 24 S
o
X
3
22 =
S
10 3
20 g
©
c
S
18
162_||||I||||I||||I|||I||||I||||I||||I||||I|||| 1

25 3 35 4 45 5 55 6 6.5
m2, [GeV?] 246 000 A9
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[PRL 115 (2015) 072001]

(b)

LHCb

S
> e
51000 fhel %, 6w
3z
2 800
=}
g
8 600
1
400
200
C- PRI SR SR RN R,
2.8 5
My, [GeV]

Nik[hef
Patrick Koppenburg

[LHCb, PRL 122 (2019) 222001, arXiv:1904.03947]

OBSERVATION OF NARROW PENTAQUARKS

%
gzsoo- (@ LHCb
%2000-
frr - data
1500 — phase space
1000
500
E . 1.4 16 18 2.0 22 mKiA[GEV]
[
3000 ! LHCb
8 #
©
i=]
§2000
(@)
1000
oy | e,
92—16 18 22 24 26
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1000

Candidates/(15 MeV)
S @
3 8
S 8

IS
<]
S

PRL 115, 072001 (2015)

[~ -=data
: e~ total fit
'_ — background
[ & p (4450
[ - P(4380)
|- -+ A(1405)
3 \(1520)
/A(1600)

my, all

}
¢
§

50
¥ L
M“;, .
¥ ﬂr ¥

and other ”“. .
s !:'” Run 1 (old selection) iog:.

| Candidates/(20 MeV)}

N
S
S
AETTTTTT T

S

o

e
Myyp [GeV]

Candidates/(2 MeV)

=
[
o

LI L A B L BB B

100

50

With the new data, more structures are

visible:
o Peak at 4312 MeV/c?

0

[LHCb, PRL 122 (2019) 222001, arXiv:1904.03947]

OBSERVATION OF NARROW PENTAQUARKS

LHCb

|<
W',

L L . L
43 435 44 445

e The P.(4450)" is composed of

two structures
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.
o
<3

Candidates/(2 MeV)

a
=}
S

P(4440)'p (4457)
P,(4312)"
Il

—— data

—total it R
—— polynomial + broad P,
"~ polynomial

Candidates/(2 MeV)

T T T
my,>1.9 GeV

Weighted candidates/(2 MeV)
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[LHCb, PRL 122 (2019) 222001, arXiv:1904.03947]

OBSERVATION OF NARROW PENTAQUARKS

To maximise the sensitivity, the data is
weighted as function of cos 9P§“v as A*
resonances are at positive cos 9P6+.

The default fit uses these weights.
Other fits are used for systematic stud-
ies.

.

0.8

w(cos6, ) 1/ (AN/ACOSGP )

o
| B
L L L L L B

1 1 1 1
02 04 06 08 1
cosé,

1 1 1 1 1
-08 06 04 02 0
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[LHCb, PRL 122 (2019) 222001, arXiv:1904.03947]

OBSERVATION OF NARROW PENTAQUARKS

Three states are observed:
P.(4312)" T ~ 10MeV (7a), which
we could not see with 3fb™!
P.(4440)" T ~ 20 MeV

and

P.(4457)" T ~ 6MeV. The }
significance of the 2-peak structure 400

LHCb

—— cos 8, -weighted data
— total fit

—— polynomial + broad P.*
polynomial

Weighted candidates/(2 MeV)

is 5.40 200
X No sensitivity to the wide - §
P (4380)+ 4%00 4250 4300 4350 400 4450 4500 4550 4600
c M3ryp
State | M[Mev] | T [Mev] (95% CL) | R [%]

P.(4312)T [ 4311.9+£07 758 | 98=+27737 (<27) |0.30+0.07 05,
P.(4440)F | 44403+1.3751 1 206+4978/,  (<49) | 1.11+0.33+5%
P (4457)% | 44573406741 | 6.4+20%%]  (<20) |053+0.16+3%3
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[LHCb, PRL 122 (2019) 222001, arXiv:1904.03947]

OBSERVATION OF NARROW PENTAQUARKS

Systematic uncertainties: LHCh

—— cos 8, -weighted data
— total fit

—— polynomial + broad P.*
polynomial

-
N
o
o

INTERFERENCE: The m,, fit has no
sensitivity, thus several combinations
are tried. The default is incoherent.

=
o
o
o

fos]
o
o

BACKGROUND MODEL: Polynomial
versus polynomial plus BW (default)

Weighted candidates/(2 MeV)

D
o
o

DATA SELECTION: the fits for full,
mpk > 1.9 GeV and weighted (default)
samples are compared. 200

4300 4250 4300 4350 4400 4450 4500 4550 4600
M3ryp
State | M[Mev] | T [Mev] (95% CL) | R [%]
P.(4312)T [ 43119407758 | 08+27737 (<27) [030+0.07 7337
P.(4440)F | 44403+1.3751 1 206+4978/,  (<49) | 1.11+0.33+5%
4.1
—-17

P.(4457)t | 4457.3+0.6F 6.4+207%0  (<20) |053+£0167513
Ni%ef
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[LHCb, PRL 122 (2019) 222001, arXiv:1904.03947]

OBSERVATION OF NARROW PENTAQUARKS

Three states are observed: 5:D°

P.(4312)" T ~ 10MeV (7a), which
we could not see with 3fb™!
P.(4440)" T ~ 20 MeV
and
P.(4457)" T ~ 6MeV. The
significance of the 2-peak structure L
. 400
is b.40

X No sensitivity to the wide 200
P.(4380)"

LHCb
—total fit |
— background

800

Weighted candidates/(2 MeV)

P (4312)°

43004250 2300 4350 4400 4450 4500 4550 4600
M p eV]

It is striking that the P.(4312)" and the P.(4457)" sit at the ¥.D and X D*
thresholds
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[ATLAS-CONF-2019-048]

Pt sTATES AT ATLAS \\#L

> L L e e s e s < T T T

2 CATLAS Preliminary -+ Data > F
§ 1200[V5= 7, 8 TeV; 49, 206 fb* % Q:jﬁsﬁ w1 2 7000 E LHCb

= C [ combinatorial BG_ < ~
% 1000 B,k Z 6000 E
> [ Bl . - JipKK ] -
o I B B, - iy 1 £ 5000
800~ Ee.oym - o E
L ] D 4000
600"y . E
L' b 3000
oo E 2000
200:7 p 1000 ;—

ob Peteapeses; s D *

ijw K)*"[i " 0 5500 5600 5700
. P, K) [Ge!
m,, wKp [MeV]

With Run 1 data, ATLAS find 2270 4+ 300 /12—> JbpK~ decays
@ With the same data, LHCb see 26 000 £ 170 with hardly any background

[LHCb, PRL 115 (2015) 072001, arXiv:1507.03414]
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[ATLAS-CONF-2019-048]

Pt sTATES AT ATLAS \\#L

> [ > i
2 LATLAS Preliminary s ] 2 EATLAS Preliminary s ]
S 300[V5=7,8TeV; 49,206 fo* [ Combinatorial 8G] S 300[Vs=7,8TeV; 49,206 fo* [ Combinatorial 8G]
- r [ B~ J/yKm _ r [ B, JpKn q
2 [5.59 < M(J/,p,K) < 5.65 GeV [ P [5.59 < M(J/,p,K) < 5.65 GeV [ ]
S [l [ B, - JIPKK S [l [ B, - iy ]
:% 250 [ ] L% 250 + [ B, - J/YKK 4
C Ap—IpA* + refl. ] C A= IIpA* +refl. ]
200 - 200 AN 1
150 — 150 ]
100 — 100 —
50/~ - 501 —
ok o ] ok —— o8 ]

4 4.2 4.4 4.6 4.8 5 5.2 4 4.2 4.4 46 438 5 5.2

M(I/y, h.=p) [GeV] M(3/y, h.=p) [GeV]

With Run 1 data, ATLAS find 2270 4+ 300 /12—> JppK~ decays
e Good fits with 4 Pj_ LHCb states of [pre 122 (2019) 222001 (p ~ 69%)
o (also with 2 P} of [pRL 115 (2015) 072001], excluded by LHCb, p ~ 56% )

o Fit with only A is not (p ~ 9 x 1073)
Nik|hef
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[ATLAS-CONF-2019-048]

P+ sTATES AT ATLAS \‘EJL

> _I T I T T T I T T T I T T T I T T T T T T T T ]
i —e— Data
2 CATLAS  Preliminary 2 resigna ]
S 300[Vs=7, 8TeV; 4.9, 20.6 fb! [C] Combinatorial BG ]
- - [ B, JIWKT E
o [ 5.59 < M(J/Y,p,K) < 5.65 GeV B B, - Jiymn ]
o r B B, - J/UKK ]
L% 250r + 0 B. - Jiymm ]
C + Ay - IPA* +refl. ]
2001~ + : 3
150~ =
100f— 3
50— -
oba ]

5.2
M(I/y, h1=p) [GeV]
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[ATLAS-CONF-2019-048]

Pt sTATES AT ATLAS \\#L

> _I T I T T T I T T T I T T T I T T T T T T T T ]
() C P —e— Data ]
= r ATLAS Preliminary — Total signal 1
o CVs=7,8TeV; 4.9, 20.6 fb™ [ Combinatorial BG ]
S 300F [ B~ J/YKT 1
P [ 5.59 < M(J/,p,K) < 5.65 GeV B B, - Jiym ]
o - [ B. - iy ]
L% 250r I B, - J/YKK E
C AY = IPA* + refl. ]

C —— AL -PK b

2001 A pKrefl, ]

C AP K ]

150__ — AP K ]
100f— =
50 =

2 4.2 44 46 48 5 5.2
M@/, h =p) [GeV]
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[ATLAS-CONF-2019-048]

Pt sTATES AT ATLAS \\#L

_I T I T T T I T T T I T T T | T T T T T T T T
L —e— Data

C ATLAS Preliminary — Total signal

300/Vs= 7.8 TeV; 4.9, 20.6 fo* [ Combinatorial BG
C [ B, - JYKT

[ 5.59 < M(J/Y,p,K) < 5.65 GeV B B, - JiyTm

o [ B, - J/iymm

I B. - JIWKK
A2~ JIPA* + refl.

— A)-PK

--== Ap—PK refl.
Ap—P_K
Ag—PK

—_ /\gaPESK

Ny~ P K

250

>
o
=
o
«
-
[2]
2]
c
[}
>
1T

200

150

100

50

2 42 44 46 48 5 5.2
M@/, h =p) [GeV]
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[ATLAS-CONF-2019-048]

P+ sTATES AT ATLAS \‘EJL

> _I T I T T T I T T T I T T T I T T T T T T T T ]
i —e— Data
2 CATLAS  Preliminary 2 resigna ]
S 300[Vs=7, 8TeV; 4.9, 20.6 fb! [C] Combinatorial BG ]
- - [ B, JIWKT E
o [ 5.59 < M(J/Y,p,K) < 5.65 GeV B B, - Jiymn ]
o r B B, - J/UKK ]
L% 250r + 0 B. - Jiymm ]
C + Ay - IPA* +refl. ]
2001~ + : 3
150~ =
100f— 3
50— -
oba ]

5.2
M(I/y, h1=p) [GeV]
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With 9fb~! 2011-18 data, find 800 BY —
Jippp with 15% background. Flavour is
untagged.

X Some structure at 4.3 GeV

Events/(2 MeV)

Nik[hef

T
3 Data
= = Toal fit
B> lwpp

B'— J/y p P signal

[ - Background

mJ/y p) [GeV?]

5250 5300

5350 5400
m(J/ ¥ pp) [MeV]

17 1‘8 19
m(J/y p) [GeV?]

[LHCb, LHCb-PAPER-2021-018, in preparation]

AMPLITUDE ANALYSIS OF BY— J/iypp

O T
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[LHCb, LHCb-PAPER-2021-018, in preparation]

AMPLITUDE ANALYSIS OF BY— J/iypp

T T T T

With 9fb~! 2011-18 data, find 800 BY —
Jippp with 15% background. Flavour is
untagged.

v Good fit with a Pt state (3.10)

N
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[Nakamura, PRD 103 (2021) 111503, arXiv:2103.06817]

P AS KINEMATICAL EFFECT

. . . 1200 | 400 | 1 1
Double triangle singularities can

cause the bumps
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. 800
Various thresholds are at play
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Not everyone is convinced _
400 £

200

3/2%
4200 4250 4300 4350 4400 4450 4500 4550
My, ,, (MeV)

Nik|hef
Patrick Koppenburg Hadron spectroscopy at the LHC 07/07/2021 — LISHEP C [159 / 47]



http://arxiv.org/abs/2103.06817

[Nakamura, PRD 103 (2021) 111503, arXiv:2103.06817]

P AS KINEMATICAL EFFECT

P.(4440)" 4
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PENTAQUARKS AS TRIANGLE DIAGRAMS

P} enhacements could
be caused by triangle
singularities
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P} REFIT

Du et al. redo the fit to LHCb data [Hcb, PRL 122 (2019) 222001, arxiv:1904.03047] and find a
1.30 excess at 4380 MeV/c?, where a missing X*D state is expected.
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