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Rough outline

See lecture from A.Alves for details on

many experimental analysis methods

|. Experimental facilities

2. The quark model = new results about “conventional” baryons
3. The charmonium system as a portal to exotic hadrons
a. letraquarks

b. Pentaquarks



Experimental facilities
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Experimental facilities

B-factories

Experiments Laboratory Collider me'"‘:tlon Appm).(lmate :
environment operational period

Belle/Belle- KEK, Japan KEKB ete- — Y(4S) — BB 1999-2010 (2018-2025)

BaBar SLAC, USA PEP-II ete- — Y(4S) — BB 1999-2008

CDF/DO Fermilab, USA Tevatron |pp — bbX (2 TeV) 1987-201 |

BES-III IHEP, China BEPC ete- — (3770) — DD |2008-present

CLEO Cornell, USA CESR ete- — (3770) — DD |~2000

ATLAS/CMS/LHCb |CERN, Switzerland |LHC pp — bb X (7-13 TeV) |201 | -present

+ COMPASS (CERN) and CLAS/GlueX (Jefferson Lab) fixed target experiments




The birth of the quark model

-

Volume &, number 3 PHYSICS LETTERS 1 February 1964

A SCHEMATIC MODEL OF BARYONS AND MESONS *

M. GELL-MANN

California Institule of Technology, Pasadena, Californtia

Received 4 January 1964

We then refer to the members u%, d'%, and s-7 of
the triplet as "quarks" 6) q and the members of the
anti-triplet as anti-quarks q. Baryons can now be
constructed from quarks by using the combinations

(qq), (@Qqqqqd)) etc., while mesons are made out

of (qd), (qqqq), etc. It is assuming that the lowest
Quarks as the building blocks of mesons and baryons
was first proposed in 1964 by Gell-Mann and Zweig




Strange-charm baryons

The €ss system can be used
to test HOQET and Lattice, as
many states expected

spread of
. predictions
.Q (2P)

.Q o(2P) -Q (2P)

I O.(1D)Q mmum

Mass [GeV/c?]

Static heavy quark (Q) + light
ss diquark

5 P-wave states predicted (*)

S

(*) 7 if you include possible excitations between the quarks in the diquark



Strange-charm baryons
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=t detached from, but pointing back to, the primary pp vertex

LHCDb-RICH system to identify particle type of daughter tracks

[PRL 118 (2017) 182001]



[PRL 118 (2017) 182001]

Strange-charm baryons

| | I | | | | | | | | | | | ]
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LHCDb-RICH system to identify particle type of daughter tracks 0Q:(3066)0 = = *K-

=t detached from, but pointing back to, the primary pp vertex



[PRL 118 (2017) 182001]

Strange-charm baryons

P | | I | | I | | | | | | I | | | | |
> . resolution 0.7-1.7 MeV/c2 _
§ 400 —
Resonarnce Mass ( MeV ) T ( MeV ) Yield N, = - LHCDb ]
Q.(3000)° 30004 +0.24+0.1793 454+ 0.6+0.3 1300 =100 £ 80 204 = 2 _
0-(3050)°  3050.24+0.1+£0.170%  0.8+£0.2+0.1 070= 60+ 20 204 o 300- -
< 1.2MeV, 95% CL Very narrow! = B Also broad -
Q.(3066)° 3065.6 £ 0.1 £0.37,; 3.54+0.44+0.2 1740 =100 + 50 23.9 O i structure  °
0.(3090)° 3090240340503  87+1.0£08  2000=140 £ 130 211 & i ]
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0. (3188)° 3188+ 5 + 13 60+ 15411 1670 = 450 + 360 I
~\0 N - 1 _
QC(3066)fd M0+ 40x 140 OO— No peaks in same-sign data -
Qc(3090)?d 220 = 60+ 90 » i
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0
What are the quantum numbers? Use £~ — (EZ:+K-)z- 3000 3100 3200 3300

m(Z°K ) [MeV]

Why are they so narrow!?
Are the narrowest states pentaquark candidates (cssuiz)?

Which are orbital (L=1) or radial (£2.(2S)) excitations? |
[Karliner, Rosner, PRD 95 (2017) 114012]
DO they have isospin Partners? [Kim et aI., PRD 96 (20|7) 0|4009]



Confirmation by Belle

35 I [arXiv:1711.07927] (@) %
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Higher state appears to be suppressed relative to
LHCDb data. May indicate that it is a pentaquark

state that had suppressed production in e*te”
collisions at Belle.
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Dou bly- Charmed baryon [PRL 119 (2017) 112001]
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Novel online data processing = Turbo!
Full event reconstruction used in trigger (exploiting real-time alignment capabilities of LHCb in Run 2)

Write out events in ready-to-analyse format = no need for additional offline processing.

Only save part of the event that is needed — less disk space, crucial for states with large production cross-sections |,



Dou bly- Charmed baryon [PRL 119 (2017) 112001]

resolution ~7 MeV
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link
>|20 significant signal observed consistent with a weakly decaying state
m(=cc**) = 3621.40 £ 0.72 (stat) £ 0.27 (syst) £ 0.14 (A+) MeV

consistent with many theory predictions
e.g. Lattice [Alexandrou PRD 96 (2017) 03451 1] 12



http://lhcb-public.web.cern.ch/lhcb-public/Images2017/XiccAnimation.gif

[PRL 119 (2017) 112001]

Comparison with SELEX

isospin partners
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:cc+ — Ac+K'1T+, pD+K'
50 LI~ with very short lifetime
o [PRL 89 (2002) 112001] Next steps: measure lifetime,

[PLB 628 (2005) 18]
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Quarkonium

gluon self-interaction gives linear (confining) term at large distances

1.5 I I I I I I I
— V= %O; - kr (Confining)
Lom _ v= —3% (Coulomb-like) ]
0 @ 1 |
0.0 == = = = e e o e e e e e e e e e e e e e e e e m e mm o
>
3 051 -
S
Z 1.0} -
m(bottom) ~ 5000 MeV 53
m(charm) ~ 1500 MeV 15l i
Nocp ~ 100 MeV
Xs ~ 0.3 ~2.0¢ -
Velocities of heavy-quarks are low —2.5| -
sO can use VNRQcD to predict
spectrum of cC and bb states o o0z 04 06 08 1o 12 14 16

r (fm)
Potential model:
[Radford and Repko, PRD 75 (2007) 07403 1]



Charmonium

-

[Lebed et al, arXiv:1610.04528] |

4500 -
Low-lying states well measured and [prp s 034508]
predicted by non-relativistic theory [PRD 2I (1980) 313]
| (lattice QCD, potential models)  [FRP 71 (2005) 1145101
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@ ‘ | ‘ .‘7 | ‘ ‘ |
C h aAarmonium X (4700 [Lebed et al, arXiv:1610.04528] |
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Production mechanisms

Relevant
for LHC

Initial state vy collisions
b hadrons radiation double charmonium (ete- — e*e~X) ISR — Y(4260)
S
. e 4 | c e . c 4 . s
e . y y c Y(4260)
— th
q - q e C e’ J/l// Y ¢
C=+ jrce=1--
o o vy n
Y (3940 Y(4008) X (4160) X (4350) Z (4025)
Y (4360) Z(3930) Z_(4020)
Z (495D 1 (#659) Recent review articles - £.(3885)
£ (4248 ¥(3660) [Olsen et al, arXiv:1708.04012]
[Ali et al, arXiv:1706.006 1 0]
Y (4274) [Guo et al, arXiv:1705.00141]
Z " (4200) [Esposito et al,arXiv:1611.07920]
Z* (4240) [Lebed et al, arXiv:1610.04528]
X(3823) +—T D3Daco [Chen et al, arXiv:1601.02092]

P.(4380)
P.(4450)

X(3872) also observed in prompt pp, pp collisions and ISR

See backup

|7



(Exotic) Hadron physics at LHCb

nPVs ~ 2
nTracks ~ 200 =
pT(B) ~ 5 GeV mYy

p T (daughter) ~ | GeV

Ow(7 TeV) = 72.0 £ 0.
Owp(13TeV) = 154.3 £ |

[PRL 118 (2017) 052002]
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Charmonium production in b-hadron decays

[PLB 769 (2016) 305-313]
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Exotic charmonium production

sob X(3872)

[PRL 110 (2013) 222001]
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Exotic charmonium production

?>1000
Charmonium in the final state is experimentally 8
useful for triggering, particularly using muon/ N
electron decay modes of |/P or P(25) =
P
Both decay chains lead to the same particles in g 500
the final state 5
S
Mass fit is sufficient to identify exotic if state 8
isolated and narrow, otherwise need Dalitz or B S AORSC S SNEC S IBBRRR T o, S
amplitude analysis 0 16 18 20
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O
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BT = ¢¥(2S)KT,%(28) = J/yata™ Bt — X (3872)K T, X (3872) — J/ymTn~

[ N

[PRL 112 (2014) 222002]
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Reminder about Dalitz plots

scalar = 3 scalars

f\(/pP m,
RM > \/k,\ pZ’ IHZ

Ps3, Mg

1 1
dl’ = (27)3 32M3

| A |2 dm%z dm%;;

Configuration of parent particle decay depends on angular
momentum of decay products

All dynamical information contained in |M]|?2

Density plot of mi22 vs. m232 to infer information on |M|?2

. Deprees of
Constraints &
freedom
3 four-vectors +12
All decay in same 3
plane (p;; = 0)
2 92 2
Ef = mi + p; —3
Energy + momentum 3
conservation
Rotate system in plane —1
Total +2
10- ] ol ol
(m]+m2)2
St
‘6;6 ] (m%S)
@ |
O |
~ |
w8y [
o | (m2+m3)2
0_1||||||:|||11|||||||
0 1 2 3 4

111%2 (GeV?)
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Reminder about Dalitz plots
600 — ] I —Spin=tTresonance

500
400}

300¢

Events

200+

100}

0.5 1.0 1.5 2.0 0.5 1.0 . . 5 3.0 3.5
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. . . . 1400 -
Peaks in distribution do not 200! _

correspond to a real resonance g 1000l Modelled dukt of Breit.Wi
- just a shadow/reflection 0 800 lodelled as product of breit-vVvigner,
O kinematic and dynamic factors
400 - l
200 - -
0.5 1.0 1.5 2.0 2.5 3.0 3.5
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Reminder about Dalitz plots

4000
3500t

Spin-1 resonance

Spin-0 regonarice

3000+
»n 2500¢ /
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S 2000}

@i 1500
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Use an amplitude model to
disentangle interfering resonances
and determine their properties

Events

813 1.0 1.5 2.0 2.5 3.0 3.5
. . . . msy [GeV? ]
For decays involving fermions and/or vector particles L

: : - 9 2
then need to extend to more than 2 dimensions dl' = @ms3aars 41 dmiz dmag




Exotic mesons




The X(3872) revolution

Observation in 2003 by Belle has led to a revolution in exotic

hadron spectroscopy [PRL 91 (2003) 262001 with >1100 citations!]

Many phenomenological models: [cii/[cu] tetraquark,
DOD*0 = (cii)(cu) molecule, ccg hybrid, hadrocharmonium...

Observation

- Iy, Iy x~
- Jw(= ntn— V)
- pVp*0 plply0
= yJ/y, Y(3686)
pp = -+ + X(3872) (= J/yn"n")
- JynTn"
= yJ/y, yW(3686)

et e” [— Y(4260)] = yX(3872)(— J/yntn")

B — KX(3872)

pp =+ + X(3872)

Note

Belle [63], BaBar [84
Belle [75], BaBar [90
Belle [76], BaBar [87
Belle [75], BaBar [86!

CDF [67],DO0 [68]
LHCb [91],CMS [73]
LHCb [92]

BESIII [93]

— —
- N
(- o
o Q

Number of candidates / (2.5 MeV)

[PRL 110 (2013) 222001]

. ok X(3872)

60
50
40
30
20
10kt I

1000
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400 _— B
75
200 LHCDb

0 X N el B BEPIPE B
600 800 1000 1200 1400
M(r ' J/y) - M(J/y) [MeV]

0

Most studied state, but many open questions

FX(3872) < 1.2 MGV/62
Mx (3872) = 3871.69 £+ 0.17 MeV /¢

Mpo + Mpwo = 3871.81 4 0.09 MeV /¢

[©ad
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X(3872) quantum numbers

[PRD 92 (2015) 011102]
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4
10 Deuteron @ALICE

9 l

[Esposito et al, PRD 92 (2015) 034028]

K
10°E Need to bridge
102 : this gap
= Helium-3 @ALICE
< - (resceled from Pb-Pb)
8 10,5_ ....._‘
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X(3872) seen in pp and and pp collisions.

X(3872) production
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3.9
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1
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S
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Br(X(3872)—J/y(u' 1w )ntn)d s/dp_dy[nb/GeV]

A
N
LILLLLL

1

107°E

ATLAS
\s=8 TeV, 11.4 fb’’
Prompt X(3872)

1 lIlIIIII ||

| ATLAS data _
- [nLo nraco 1 F
= Good agreement E
3 | | S
10 20 30 40 50 60 70

X(3872) p. [GeV]

[CMS, JHEP 04 (2013) 154]

[DO, PRL 103 (2009)152001] [ATLAS, JHEP Ol (2017) 117] [LHCb, JHEP 04 (2013) 154]
[CDF, PRL 103 (2009)152001]

Compare cross-section with that of known molecules to understand X(3872) nature.

NLO NRQCD considers X(3872) to be a mixture of y.;(2P) and a D°D*0 molecular
state, with the production dominated by the y.;(2P) part

[Artoisenet and Braaten,

PRD 81 (2010) 114018]

—~~, Supported by BR of

X(3872)

— [cC]y decays

[NPB 886 (2014) 665]
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Z(4430) charged charmonium exotic

B® - ¢Y(2S)K 1™, 4(28) = pp”

Belle, PRL 100 (2008) 1420011 ID fit to m(P’1T )
BaBar, PRD 79 (2009) 1120011 Not observed but does not contradict Belle!

Belle, PRD 80 (2009) 031104] 2D amplitude fit to m(P’117) vs m(K'11°)
Belle, PRD 88 (2013) 074026] 4D amplitude fit

B — Z(4430)" K, Z(4430)” — ¥(2S)7~
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Candidates / 1 MeV

LHCDb

sideband

25k signal candidates
(x10 Belle/BaBar)

sideband

5250

[PRL 112 (2014) 222002]

2
m2,- [GeV?]

6.50-

6.40
6.40

- dimuon in final state — highly efficient for triggering

ccud

Only 2 of the 4
dimensions...
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Confirmation of the Z(4430)

Everything except the Z = large

interference between Z and

K'1T~ sector

Candidates

Z component

JV =17
S
4D amplitude analysis used to 2
measure Z parameters (BW g
mass and width) and JP 8=
=
<3
O

Study angular moments in
model-independent way (similar

to what is done for pentaquark)
[PRD 92 (2015) 112009]
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Resonant behaviour

Observe rapid change of phase near maximum of magnitude = resonance!

L 12 L 12
E g 5
2 1 = 1
&l
] 2.5
2 0.8 0.8
2
0.6 15 0.6
0.4 { 0.4
0.2 0.5 0.2
0 0 0
3 4 5 6 3 4 5 6 —0.5 0 0.5
Mass Mass

1
BW (m|mg, 1y) =
(mimo, Lo) ma — m? — imol'(m)

Argand diagram

Breit-Wignher resonance
parameterisation

T — T, = =R d)? link
m-to(L) ™,

Re
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https://cernbox.cern.ch/index.php/s/aw9AjTtIt251iy0

Resonant behaviour

lllll I 1 1 1 I I 1 1 l 1
'

N i : _
LHCb Belle éo.z— LHCb 4277MeV —0){
et - 1 o
M(Z) [MeV] 4475+ 711> 44854 22128 &
r(Z) [Mev] 172+13+3 20074172 3
=
fz (%] 59+00915  10.3+39+33
(% 16.7 +1.672$ - ol b
L 4605MeV.
significance > 13.90 > b.20 . .
_ P R U N R I
J" 1 17 O'-60.6 -0.4 -0.2 0 02
Re AZ

BWV amplitude with default
Z(4430) parameters

Excellent agreement between LHCb and Belle.

Belle evidence for Z(4430)t — J/\TT* and observation ofa  B(Z(4430)™ — $(25)7™)
new resonant state Z(4200)* — J/\PTT* [PRD 90 (2014) 112009 B(Z(4430)* — J/¢mt)
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Link to new physics searches with B =& K*uU*tUu-

Hess = = EVaV Yl ClwOilh) + Cilw)Oifu)

* left-handed part right-handed part

: b
J /1 (1S) -
BO
I d
¥(25)
(1) (/)
C,_E,,) ng,) Cg and 01 0
interference Long distance
contributions from CC
above open charm _
threshold b
BO
d
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Link to new physics searches with B =& K*uU*tUu-

Theory uncertainty from hadronic

« LHCbdata o ATLAS data contributions in the ¢¢ regions
= Belledata © CMS data

. | SM from DHMV

, Theoretical attempts to cross the
SM from ASZB

charmonium region use inputs from
B = K*(— K1T){ decays, but
currently ignore exotic PTT

resonance contributions

[Bobeth et al., arXiv:1707.07305]
[Blake et al., arXiv:1709.03921]

This will be important to control in
the future!

/) I S S—
S 25 5 04 A

g* [GeV?/c4]

[JHEP 02 (2016) 104, ATLAS-CONF-2017-023, CMS-PAS-BPH-15-008, PRL 118 (2017) 111801]
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X(4140) — })/YP : some history

NO 1
= S T LHCb

S = [ LD o« [PRD85.091103(R)]
Seen by CDF, D0 and CMS ® .| CDF C) |3¢ > dhyo K

s 8 ~ (@

L2 6 = P |

Not seen by LHCb, BaBar, BES-IIl, Belle (YY fusion).2 [PRL 102, 242002 St o ]JI |

e 6 + arXiv: 1101.6058] T g it .
Well above open-charm threshold but has narrow o S F omr L
width — not conventional cc. 4 27 [T l_ h

Also second state at higher mass...

N

CMS'. ?. SI = 7ITIeVI' |L|=5121 flb-1|

Candidates

Full amplitude analysis of decay is L s | o
essential! oL 1 8 T oo -
Sea 1 AT 12 13 14 15 g= . A -ocmmmmind
CCSS  mpwKkK)mpw)Gevich  Zwft 4/ Doy
Experiment Y(4140) Y(4274) +ﬂ-.-—+r~—- T
CDF[69] | M=4143.0+29+1.2,T|= 1173 £3.7 _ T L Rn LR e
3.0 [PLB 734 (2014) 261] Am [GeV|

CDF [100] | M =41434*29£0.6,T 4153104 +25 | M =4274.4*84 £ 19T = 323219 + 7.6

D@ [102] | M =4159.0+4.3+6.6, [ 19.9 + 12.6*19 - Belle PRL 104112006

[BES-1Il PRD 91 (2015) 032002]

CMS [74] M=41480+24+63,=28">+19 | M=43138+53+73,T =38"2+16
35



e
-
-

+ + :
Bt = J/WPK* data sample
l P % 250 LHCb # -—@— and efficiency corrected
= Tl
. , . 2, 200
Are reflections from K* system causing structure in J/QP? E ﬁ +|#+ 1
5 150
Not sufficient to just fit ID mass distributions with ad-hoc 4 +
assumptions about K* contributions 100 t
. f  K* - K+
K** resonances expected to be broad (scattering expts) 50 ¢ +
resonances
0 g | Lol gy l ! ., 1., ... 1, . .
6 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300
1D -~ [MeV]
14 projection .
> :
(7 5 120 X((4274)!
é LHCb
10 g 100 > (4 I 40)7 background sublracted
T,ﬁ —&8— and efficiency corrected
>
] —= 380
6 260 + + : *
——
4 40
) 2 X~ /9o
| tetraquarks
0 0 L |
2.5 3 3.5 4 4.5 D 4100 4200 4300 4400 4500 4600 4700 2800
my - [GeV] L (MeV]

[Phys. Rev. D 95,012002 (2017)] [Phys. Rev. Lett. | 18,022003 (2017)]



B* - |J/YPK+ data sample

Are reflections from K* system causing structure in J/QP? 6D amplitude analysis to understand
structure in final state

Not sufficient to just fit ID mass distributions with ad-hoc
assumptions about K* contributions Three interfering decay chains:

l. B* —= K*+*Jy, K+ — @K+
2. Br—= XK+, X —=Jyo
3. Bt =7+, Z+ — JYK+

K** resonances expected to be broad (scattering expts)

[GeV?)

2
o

-

B rest frame

_l

/,-" i /’/"Aqih ;¥ ‘ .
« - . W, K * e .

(2

(HK*76¢7 A¢¢,K* 3 9¢7 AéK*,QS)

2.5 3 3.5 ! 4.5 d

m . [GeV')
[Phys. Rev. D 95,012002 (2017)] [Phys. Rev. Lett. | 18,022003 (2017)]
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Which K* resonances to include?

M (K" ) [MeV]

1.3
27D, 2°D,

2200f= : =5 5 Y __IF,
g O ST 23P2}P2 S “r =

>, = Yy I 3

20000 27P,_ 8L RES I°’F
[ 5! — i 4
@ _ = 2 = I'D; A

1800 Z« =) S T Fs A &
— O — LT o Ea s, x et
- S = x EEpg E <

) pr— 3 h . < : e ],‘::.-3-

1600 2 Sl_ ‘e Fiyg N
Qe 1.3 _

4002 55T 2 1P = [ 2
I - s —z 1P =

1_()(): X "\ (fg ;; ITOQZQ,
_ - 2 x

1000 : D}
- 'S — "< Boxes show
B ol

800 2 +| O mass
- &

600
1S, = | Goc!frey-lsglur predllctlons

400 0 1 2 3 7

- - +A+ A-A- 1-A~ A+A+

O T 1Tt 0Tt 2213 3737 24!

Experimental measurements of well-established and

unconfirmed K* resonances

Higher spin states expected to be suppressed in B decays
due to orbital angular momentum required to produce them

120

—=— data

100

o
-

Candidates/(10 MeV)

N
-

NN
-

— background

e
0 .

4100 4200 4300 4400 4500 4600 4700 4300

My |MeV |

104 free parameters in fit

p-value Ho (only K* resonances) < 10-4
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Fit results including X — }J/Y® states

% —a— data %
:E 300 —e— total fit :E 120
= —— background %
g T e 3 100
g — K() 5
S 200 —— K1) 5
= —— K(2)+K'(2) = 80
~ —— K () ©

150 o .- , —— K (2% 60

e | e K(O)
100 ~ == " X (4140) 40
N O o A, === 1" X (4274)

30S 0F X (4500)

7/ //Jl e 0| 0 X (4700) e AR \“‘h\
== R e e

1/ ;quvnrll 4 SNl o

o i 41:5‘"’ffs-",fe-*;‘;*éf?i‘,fe"‘ s - 0 e o Jl‘l*l';u
1600 1800 2000 2200 2400 4100 4200 4300 4400 4500 4600 4700 4800
Mk [MeV] Mg IMeV]
. Contri- sign. Fit results
7 K* states, 4 exotic X states and NR J/Yd and PK* components. bution  or Ref. My [MéV ] o [MeV ] FF %
. . . All X(17F 16+3 * 9
Inclusion of exotic Z states does not improve fit. 5"}'('(Zi(zl'()'))'"'é':fc;""4:121'6:'5'5:'213'1;%;'2""§§QE'2'1'l'{f""""lgéc'éjé'fé%mi
...... ave. . Jablel 4143419 I8TE63
X(4274)  6.00 4273.3+831172 5e+11+°2 7.1+£2.5+33
: CDF 28] 42744181 4+19 32722+8
98 free parameters in fit CMS 25  4313.845.3+7.3 38130 4 16
. All X(0%) 28+ 5+ 7
p-value = 22% first NRyys 640 46411+
observation X(4500) 6.10 45061112 9242175,  6.6+24 +2 :
X(4700) 5.60 4704+107"1% 120431 *32 12+ 5+ 2 37




4 B 4 | [PRL 117,022003 (2016)]
I he X(5 568)_ l S I l _? 20001 , DORunll, 10.4 6
o : ﬁ
s 1500 [~
@ b
= BY 5 J/bd
~50 claim for exotic state S oF t s = SV
2 R
. . s
Large Bs production fraction: px= (8.6 £ 1.9+ 1.4)% s
Not due to reflections from kaons/pions
O" P | g g FEUER S s g e
4.8 5 5.2 5.4 5.6 5.8 6
Add a pion / ™W/y 0) [GeV/c?]
M = 5567.8 + 2.9_?:31\’16\7/62 I DO Run II, 10.4 f5"
5.0 2 v F A
F —_— 2]_.9 ) 6.4i25h{[QV/C % 70 :_ i Eu':\.x:;h background shape fixed
. = E ' \', -------- Background
oo 60 e I U [ Signal
8 50 - +
g F
Possible bsud tetraquark/molecule but difficult to R N T +
. . . . 30 — A7~
explain when considering QCD chiral symmetry, =M + ] t 4
20 [
heavy quark symmetry and threshold effects. T -
WEA S L NOX)=133+£31 't
[Burns, Swanson, arXiv:1603.04366] N S R L iodiei o
[Guo et al, arXiv:1603.06316 5.5 5.55 5.6 5.65 05.7+ 5.75 5.8 5.85 5.9
No sign on the lattice [Lang et al., PRD 94 074509 (2016)] [Liu, Li, arXiv:1603.04366] m (Bsm*) [GeVi/c’] 40




LHC searches for X(5568):

LHCDb use >100k Bs mesons and combine with TT*.
Sample 20x larger than DO and much less background. PG (B0 s 5G6V/e) < 0.009(0.010) @ 90 (95) % CL

Bs and 1Tt required to come from same PV. px P(By pr > 10GeV/e) < 0.016(0.018) @ 90 (95) % CL

Fit signal using S-wave Breit-Wigner with mass and
width of claimed DO signal.

— _ _ CMS Preliminary 19.7 fb (8 TeV)
N . B >1400[
— 0 s B

> *®F LHCb p (BY) > 10 GeV |l comexesen e - 2" (@) TR

2 250 :_ Combinatorial _: CD1 200 | { {

K - - $1000F

~ 200 ]L — © -

n - I 2 800

D 50 : LTI ' $ 2 -

S - RN LU S 600

O - - L

o 0 E 400|

— . : -

© 5o = 200

O 5 [PRL I17,152003 (2016)] - ¥ [arXiv:1712.06144]
e T T T T e PN e el 1 L L L I 1 1 1 1 l 1 1 ] | | l 1 1 ]

0 5550 5800 5650 5700 5750 5800 5850 5900 5950 6000 g-5 5.6 5.7 5.8 5.9

AM(B°rt)+M(B° GeV
m(B%z2) (MeV) A

How sighal would look according to DO result
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Hot off the press!

N events / 8 MeV/c?

250

200

150

100

50

__[DO arXiv: 1712.10176]

DO Run I, 10.4 fb

(b)

t

\
't

¢ Semileptonic Data
— Fit
------ Background
------------ Signal

“TB75 5.8 585 59

) [GeV/c?]

No significant signal

¥, 120
> [CDF arXiv:1712.09620]
< 100} O
To) ] B, signal region
3 I sl
Q l| |
n l | syl i fs et I T
£ oof gfpwre U il
'c ’
S £
= 40— y"' Bg sideband regions
O 4
20—
Ole | | |
5.5 5.6 5.07 5.8 5.92
M(Bs T*) GeV/c

Over Christmas DO published result showing the X(5568) signal using a different Bs decay mode while
CDF show data consistent with background only.

Could DO “signal” be due to some underestimated background! = more work needed

CDF result removes possibility that X(5568) is predominately produced at in pp collisions.
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Exotic baryons
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Pentaquark observation

Can this be caused by
reflections in m(Kp),

background or
detector efficiency!?

State JP My (MeV) Ty (MeV) S i < :
A(1405)  1/2—  1405.1713 505+ 2.0 % i ) :
A(1520) 3/2~ 1519.5+£1.0 15.6+1.0 = 2500 @ LHCb = a00E- (b) LHCDb
A(1600) 172+ 1600 150 ~ - 1 0 .
A(1670)  1/2- 1670 35 5 - > F
A(1690) 3/2- 1690 60 = 2000 = .
A(1800) 172~ 1800 300 G>> B o 600F
A(1810) 1/2% 1810 150 1L - —=— data T -
A(1820) 5/21 1820 80 1500 =
A(1830) 5/2 1830 05 - —— phase space 100 E-
A(1890) 3/2* 1890 100 N -
A(2100) T7/2- 2100 200 1000~ =
A(2110) 5/2+ 2110 200 - -
A(2350) 972+ 2350 150 - T 200F
A(2585) 7 ~2585 200 500 :
, = .
\ 1496 78 20 22 22 I e
- - - - - 40 42 44 46 48 50
Interfering A*—pK My, [GeV] M., [GeV]

resonances

[PRL 115 (2015) 072001] 45



Results without P. states

> 2200 : —=— data = 800[ +
= 5000F- —e— total fit S -
To) - ; (a) LHCb background O 700F- (b) + LHCb
T 1800 --=-- A(1405) - FE +
= . G- A(1520) % F 4
£ 1600 & A(1600) € OO
O - A(1670) © F
> = > F
o °F ox- A(1690) 11 500
1200 --%-- A(1800) C
E E E "'B" A(1810) 400-_
1000~ : c-de-- A(1820) "
- 'l;. -ov--- A(1830) 200F
800 ! a-- A(1890) C A
soob- ¢ e ¢ et e A(2100) = o
C g . N ---Ac-- A(2110) 2001
200" | i b cokee- A(2350) .
A T e M e 2385 - 4
CF o ¢--- A(2385) 100~
200 —_. ?‘b : A ;4,1:.5-;.‘;":‘0,‘}4‘1'1@":,‘!%E::'-I.:?
& e e renuy, o s B vt sarrremers oy
92 2.4 2.6 4 4.2 4.4 4.6 4.8 5
m,., [GeV] my,., [GeV]

Using full set of A*’s the m(Kp) distribution looks good but not m(J/Yp).

Addition of non-resonant, extra A*’s, all 2* (isospin violating process) does not help.

[PRL 115 (2015) 0720011



Extended model with one P.

% 2200:— —a— data
= 5000F- t —e— total fit
- background
To) - ay LHCb T
o F 4 (@ LHCb o
‘?')’ C ¥ ---- A(1405)
£ 1600 ¢ ©-- A(1520)
() - ¥ A(1600)
u>J 1400 ‘& A(1670)
o -~ A(1690)
1200~ .- A(1800)
- ---3-- A(1810)
1000;_ : -t A(1820)
800F- '.:' v-- A(1830)
o -a-- A(1890)
600 © : ! l"'ll'l' ---fi-- A(2100)
C G ofe-- A(2110)
400" | ¢ B A(2350)
AL A(2385)
200~
216 18 2 2.2 24 26
m,., [GeV]

Try all A*’s with |P up to 7/2¢%

Best fit with a |P = 5/2% pentaquark gives improvement, but m(J/Pp) still not good

[PRL 115 (2015) 0720011

400

300

200

100

N
VAL = 14.70
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Reduced model with two P/s

> 2200 —=— data > 800
= 2000F- : " tackground 3 + LHCb
1L(_) 1800:— ¢ (a) LHCb g P_(4450) 1'-‘_) 700 (b) f
\?)/ : " ~m— P,(4380) \?-; E
405) 16005— : % Ei‘éggi 405) 6005—
> 1400 > F —
i o ew | G uudce
C --3-- A(1800) 200k
1000 : ---F+-- A(1810) n
- --4e-- A(1820) -
800~ :: ---v--- A(1830) 300}
oof- % S5 e1oo :
: ' ---Ac-- A(2110) 200
400" : © ---x-- A(2350) -
¥ -4~ A(2385) 100f-
200~ -
Y 0"
_I_
JP = (3/2%,B12% and (5/2* B2 also give good fits: _ Pc(i4§0)
need more data. 1{/1 (MeV/c?] | 4380 £8+29 4449.8 S 17425
. . . aiSsS ev/C T 0 I NeJum T Z.
No improvement with addition of other resonances Width [MeV/c?| | 205+ 18 + 86 20 4+ & 1 19
Significance evaluated using toy simulation Fit fraction [%] | 84+0.7+4.2 41+05+1.1
Need opposite parity to explain the data Significance 9% 120
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Good fit to
the angular
observables

Ccos0

LT X ks o

1"-1"27&'& gl

[PRL 115 (2015) 0720011

Angular distributions

-@- total fit
— background -
~“=< P,(4450)
== P_(4380)
-4 - A(1405)
-63- A(1520)

A(1600)

PR AP DK




Angular distributions
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the angular
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pay 200 " £+. A(1810)
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-#-A(1405) 100 ,’?- NN -#-A(1405)
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[PRL 115 (2015) 0720011



Breit-Wigner amplitude

Re A”

Resonant behaviour | 14
Observe rapid change of phase near maximum of magnitude = resona

Q:J 0.15:|||||||||||||| rrrryprrrrprriil ||||||||| Fri ||II:_IIII|IIII|IIII|IIII rrrryprrrryprrrrprrreryprriri IIII:
<_Ef 0.1;— (a) —— (b) _
0.05 T = 1 E
of- S EREETEEE T L. :
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Np— )/ PpTT- pentaquark search

RW/K =

C P+
e | F
A A -

R

d —»—

ﬁ ﬁ
I ' I ' I

[PRL |17,082003 (2016)]
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MC histogram with calibrated PID

B(A) — = P) ¢ e
<2 ~0.07 — 0.08 R - /- = 0.58 £0.05 K=(m7)
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Nb—)/PpTT- pentaquark search  ~veweo

N*-only model not a good fit States Fit fraction (%)

Good fit using 15 N* components + exotic components P.(4380)™ 5.1+ 1.5 96
P.(4450)% 1.679810.0

3.10 for (2 Pc + Z.) or 3.30 for 2 P. states 0.6—0.5

| | | Z.(4200)" 7.7+ 2.87%%
Main systematics from fixed P./Z. mass/width parameters, |

N* model and P. spin

Prediction
— ﬂ- l ! T ! | T T T T | T T l T [ — 40 2 T T | T T | T ! T ! T I _-l . ' I Q-ﬂM-ﬂs I
2> | LHCb f ~ —+— Daa 2 40F (b) m(pTT) > 1.8 GeV - N
S10%F d§  RMNWZAREL S g - E P:(4450)
- | A I A EM N* Fit - : w/ exotics : ——————
t.r\} e P(4450) % 0 w/o0 exotics —: 0.033 igig%g fgig%éi 0.009 Largest syst. error from
N’ [ I . Pc(438()) - - J_’ . fit fraction of P in
% L ....0n.. Z.(4200) % 25F 4 — P_(4380)* the kaon mode
T‘_)‘ O 20:_ T'u-:ﬁ' PC(4450) _: , ) , . .
. o p— - b + b
>~ 10 ] | s 15E Pc(4380) 0.050 +|0.016+0926 1 0,025
10F 0o 005 Y E
oegs™ v - Rzz:’K
."’ ,."""'""""'Q Avuns 0 rules out
L s i [Hsiao, Phys. Lett. B 751,572 (2015)]
1 1.5 2 2.5
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@
Phenomenological models
[Lebed arXiv:1507.05867]
[Zhu arXiv:1510.08693
[Roca et al, PRD 92 (2015) 094003]

Many phenomenological models on the market, e.g., D*2.—D*2.*c molecular
state, tightly bound di-quarks, hadro-charmonium?

hydro-
molecular triqguark

diguarks

charmonium

None of them can explain all observed exotic states, so may need several

models to describe everything we see.
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The di-quark model

Can build colour-neutral objects from coloured constituents

Meson Baryon

9 § 3®3 — 3, allowing for
" 3.

qq diquark to bind with
the other quark to
make the baryon

ol

Mesons are bound
through attractive

33 colour coupling

Tetraquark

Bind two diquarks
together

[Thanks to S. Neubert for images]
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Could rescattering explain exotics!?

P.(4450) has mass at threshold of Xcip so could be due to |/\Pp K~ _ ) N Lz
— XcIp kinematic rescattering W I\ 7P\
¥ e S XZI~~ \J/Q/)
Xel J/tb‘\ RN

Reproduces P.(4450) phase motion but what about P.(4380)?

(a) (b)

[Guo et al,, PRD 91 (2015) 051504]
Rescattering would not explain narrow enhancement above [Guo et al, PRD 92 (2015) 071502(R)
Xc1p threshold. | [Bayer et al., PRD 94 (2016) 074039_.

—0.3} ) |

lllllllllllllllllllllllll
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Could rescattering explain exotics!?

P.(4450) has mass at threshold of Xci1p so could be due to |/Yp K . . AT
— Xc1p kinematic rescattering W Ap .\

\\ /, o Xel™ = sJ/‘!/)
p T/~ < V3
- Xcl <
Reproduces P.(4450) phase motion but what about P.(4380)? (; .

. ) . [Guo et al,, PRD 91 (2015) 051504]
Rescattering would not explain narrow enhancement above [Guo et al, PRD 92 (2015) 07 502(R);
XcIp threshold. [Bayer et al., PRD 94 (2016) 074039;
200
% s LHED ‘ (a) /(A - Xc1PK™) \
= 160 A,,—>x Pk B(A) - J/¥pK~)

140
? 120 A Ny—x Csz § 0.242+0.014+0.013 + 0.009
§ 100 — - Comb. § I
:.g R0 ', § B(Ab — XchK—) B(Xc])
3 60 0 \ B(A} ~ J/YpK~)
S 40} / \ | l
S .. / 2\ \248+0 020+ 0.014 + 0. 09 | | ;
DR RN s -03 5 .
5450 5500 5550 5600 _5650 5700 - _03 e _02 — —Ol — -010- — Aolll .
m(Z_lpK ) [MeV/c?] . . Rey.{f’c : ,

PRL 119 (2017) 062001 ¢ o o
| 0 ] Next step: amplitude analysis 57



Observation of the = p—)/WAK- decay

- —¢-Data LHCb -
, > - C , > > c 40 —'I;c_)ta.l fit : _
’ 21/ ’ =1/ | B signal ' LL .
W= W -= W/ YX’K
5 YK~ 5 e Comb. bkg i
=, (Ap) <:: . =Z74d > > d}A - ‘ -
y SN 200 -
i —» i }A(p) . - Ly _
' s > > S LS > > S i ; +
(u) (u) B0 et SRR R

NS (O [ B N I AN
R :
N
- . -
N
- ] . |;
: E
- * : Ib 5
: 1
- : o b3
: :
- ".—'E L :
- .. :. P
o i .
—@— kT
o : “.. -
B
- E P
- : L
. - |
: -
l i " L Y

L
>
P
2 T e -
. . @ : I I I :
Strange pentaquark (udscc) predicted  [PRL 105232001 (2010)] 3 gof Nsig=308%21 § LHCb  °
s @l | DD -
Can be searched for in the =, decay [PRC 93,065203 (2016)] S °F B
S 40F .
Expect ~1500 signal events after 2018 b :
— amplitude analysis 23 S ‘
d S A T
2F i -
2E SO A S
5700 5800 5900

[Phys. Lett. B 772 (2017) 265-273] m(J/ WAK—) [M@V/CZ] 58



Connections with “conventional” spectroscopy

[PRL 119 (2017) 112001]

> 180F LHCb 13 TeV E
Discovery of ()™ and =..** have spurred theoretical investigations, = 1:8; + Data E
motivated by the calibration of the binding energy of their 2. 120F _gﬁ;ﬁlﬂ E
constituent diquarks. £ 100F ---Background || 1 :
=N 1 i}
2 SOF } i ;
o . » . S 60F | t SRR T -
Calibrating diquark model parameters from )., treating them as 40 + oo E
[ss]c diquark-quark objects. Can then use this to make predictions 20 E
Ali et al., arXiv:1708.04650 R U S Y R :
about the Y states. [Ali et al., arXiv ] 0 v o
m. (E5) [MeV/c2]
KK . —_ - I — I . T T T
Not only are some of t.he () states now thought. of as potential = o PR 118, 182001 (2017)].
pentaquarks, but theorists are using these as a basis to propose = T ' LHCb
other candidates. [Mehen arXiv:1708.05020] [Karliner and Rosner arXiv:1707.07666] S’
e.g., doubly-bottom tetraquark (~10.4 GeV) that is stable to EM/ E
. . . . . . O -
strong interactions, potentially narrow, with very interesting decay :
modes (B, D, double-J/P ...)
i

3000 3100 3200 3300

m(ETK") [MeV] >7



Future experimental programme

|. Observe states in different production mechanisms

e.g. Photo-production yp — J/Yp experiment has been approved at |Lab
[Meziani et al.,, arXiv:1609.00676]
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Future experimental programme

|. Observe states in different production mechanisms Ag Y-
C

e.g. Photo-production yp = J/Yp experiment has been approved at |Lab —x0)

0
[Meziani et al.,, arXiv:1609.00676] Ab 4> AC D

2. Observe states in different decay modes If exotic states are
molecules then their

Search for CC, open-charm and charm-less modes using all flavours of b-hadron
open-charm decays may

Transitions between exotic states (e.g.,Y(4260) — X(3872)v) be dominant
Publish non-observations!
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Future experimental programme

|. Observe states in different production mechanisms Ag Y-
C

e.g. Photo-production yp = J/Yp experiment has been approved at |Lab —x0)

0
[Meziani et al.,, arXiv:1609.00676] Ab 4> AC D

2. Observe states in different decay modes If exotic states are
molecules then their

Search for CC, open-charm and charm-less modes using all flavours of b-hadron
open-charm decays may

Transitions between exotic states (e.g.,Y(4260) — X(3872)v) be dominant
Publish non-observations!

3. Look for isospin (ccudd), strangeness (ccuds), bottom (bbuud) partners Ag — P((,)ggb — J/szgb

[PRL 105,232001 (2010)]
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Future experimental programme

|. Observe states in different production mechanisms Ag Y-
C

e.g. Photo-production yp = J/Yp experiment has been approved at |Lab —x0)

0
[Meziani et al.,, arXiv:1609.00676] Ab 4> AC D

2. Observe states in different decay modes If exotic states are
molecules then their

Search for CC, open-charm and charm-less modes using all flavours of b-hadron
open-charm decays may

Transitions between exotic states (e.g.,Y(4260) — X(3872)v) be dominant
Publish non-observations!

3. Look for isospin (ccudd), strangeness (ccuds), bottom (bbuud) partners Ag — P((,)ggb — J/szgb

[PRL 105,232001 (2010)]
4. Measure branching ratios
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Future experimental programme

|. Observe states in different production mechanisms v ]
e.g. Photo-production yp — J/Yp experiment has been approved at JLab 0]

[Meziani et al.,, arXiv:1609.0067
2. Observe states in different decay modes Of

Search for CC, open-charm and charm-less modes using all flavours of b-hadt
Transitions between exotic states (e.g.,Y(4260) — X(3872)v)
Publish non-observations!

-0.2

0.4

3. Look for isospin (ccudd), strangeness (ccuds), bottom (bbuud) partner

0.6 ————t——
[PRL 105, 232001 (2010)] 06 04 02 0 0.2

4. Measure branching ratios Re AZ

5. Measure angular distributions and quantum numbers
Amplitude (partial wave) analyses are crucial, as are accounting for threshold effects

Publish experimental efficiencies to allow others to better use results

LHC, Belle-ll, BES-IIl, COMPASS, JLab and PANDA all have role to play!
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Summary

Revolution in heavy-quark spectroscopy since 2003
discovery of X(3872).

~30 XYZ and P. states observed using different
production and decay mechanisms.

Exotic states provide ideal foundation to deepen
understanding of non-perturbative QCD dynamics.

Crucial to confirm observations where possible and
use state-of-the-art amplitude analyses and
collaboration with theorists to understand observed
states.

4.4

4.2

B
o

MASS [GeVi/c?]
©
(0]

2Mn

3.6

3.4

3.2

3.0

T]c(41 SO)

P(435,) _

[¥(az60) | he(3'P1) [E@280)] x..(3°P)

MD"‘MDO L N T

X:2(33P>)

Xco(33Po)

Xc0(28P0o)

Xcz(23P2)

Y “(13D5)
Q(2384)
Nc'(2'So)
Xe2(13P2)
he(1'P1) Xc1(13P4)
Xco(1°Po)
established cc states
predicted, undiscovered
J/P(13S4)
Ne(1'So)
0O—+ 1— 1+- O++ 1++ 2++
JPGC
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The next ~20 years...

We
are LHC phase 2 (HL-LHC)
—_—
visible int/bunch
crossing ~ I ~ I ~6 ~6 ~55
NSt LLHCE 4 | Q32 4% 1032 2% 1033 2% 1033 1-2x1034
Jdt Lines 3 fb-! 9 fb-! 50 fb-! 300 fb-!
2011-2012 2015-2018 2021-2023 2026-2029 2031-...
Run | Run 2 ? Run 3 Run 4 ? Run 5/6
LS2: install LS3: upgrade | LS4: install
LHCDb upgrade | consolidation LHCDb upgrade |
Install ATLAS/CMS phase 2 upgrades in LS3 “New” experiments to take

Belle-ll finishes at same time (~2025) . advantage of the HL-LHC



What is a resonance?

Formally, taken as meaning a pole in the S-matrix (scattering matrix) of a
particular process.

They are dynamical (and non-perturbative) in nature: the interactions between
quarks/gluons (or among hadrons) give the poles in the scattering amplitude.

S-matrix can also have “kinematic” singularities, such as at two-body thresholds
or the triangle singularity (originating from three on-shell particles)

AP 7 P AP AN Important to be able to distinguish the
. ¥ T §/¢ dynamical and kinematics singularities
Se J/;ﬁ‘\ & \\s
Xcl ~

(a) (b) [Guo, arXiv:1712.10126]
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Pentaquark model-independent

Theory predictions for A*
Well established A* states

o . ) % 2600-:— . — :
A\* spectrum is largest systematic “: — =
uncertainty in observation of P, states. §“2400_— — = — B = —

2200}:_;j:_ T L

Model-independent approach: do not === -0 - 7 =
assume anything about A*, 2* or NR F T = T T
composition, spin, masses, widths or mass- 1800 | T T I T T
shape. 1600:— IR - | Only low-spin

i = ] states at low masses
Only restrict the maximal spin of allowed A*  1%°F 1 1_ e a s s 7 oo 1
components at given m(Kp). poof-2 2 2 2 22 2 22 2 2

—_I_I_I_I_I_I_I_I_I_I_I_I_I_I_I_I_I_I_I_I_I_I_I_I

1000

-
o
N
@)

8 10
sl )

Extension of [BaBar PRD 79 (2009) 112001] [PRL 117 (2016) 082002] 69



Pentaquark model-independent - o=

% Dalitz plo
5 IR e

b 1.8 2 2.2

[
dN max
— PYNPi(cosOp+ ™
d cos O~ Z< B ,
[(=0
ncandk
U\k -
(PYYe =3 (wi/e) Pi(cos b flcer out
1=1 -
Maximal rank of the Legendre polynomial /max ma).(m;um
cannot be higher than 2Jmax, where Jmax is twice Spin tor
each m(Kp)

the highest (Kp) spin which is present in the data

at a gsiven m(Kp) value

Yield / (20 MeV)

1000— "
- $
800 § LHCb
i $ kA
600~ A .
: + Yy
400 3
200 :—
OL 1 | % 2 L | 2 2 2 | 2 2 % 1 . L | L L
4 42 14 16 18 5
mJ/\p P I-Gev-

Null hypothesis (A% only)
rejected at 90

Working with JPAC to use better
models of A* resonances in future
amplitude fits

/0



Evidence for exotics in Ap—)/Pprm-

B(Ag — J/prT)

= 0.0824 -

B(A) — J/vpK~)

- 0.0025 (stat) £ 0.0042 (syst)  [LHCb JHEP 1407, 103 (2014)]

Observations of the P:* states in another decay could imply they are genuine exotic baryonic

states, other than kinematical effects, e.g. so-called triangle singularity. [arXiv:1512.01959]

0 — p+
BA, = 7" F) . 0.07 — 0.08
B(AY — K- FPF)

R?T_/K_ —

[Cheng et al. PRD 92,096009 (2015)]

Ry k- = 0.58 £ 0.05

K= (™)

Ay i u
u Uu
b d I P
9 ccbar from the sea
[Hsiao, Phys. Lett. B 751,572 (2015)] 71
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-
-

LHCDb

Nsic = 1885150
| 7% background

Events/ ( 5 MeV )
-
-
S

5.5 5.6
MC histogram with calibrated PID

|GeV?]

J/yp

1|_11|._1111|_11AJ
2

|_||1111|1|11|

57
My ypn |GeV]

Np— )/ PpTT- pentaquark search

30
28
26
24
22
20
18
16

[PRL I17,082003 (2016)]

Z
*
!

-

-

T T l T I T T T I
E A possible
T A AT Z.(4200) — J/PTr
L TRRGENT L component
IR A L - .
- .‘.,«:‘,‘““'“:.‘3; ™= ", - . [PRL117,082003 (2016)]
- "*.a‘é;.'.'.‘i,’:#}‘;;.-. TR LRI :
S oghs’ u‘o: :" LA . *
- ) F) 'c;‘o::?:?.’.‘...o'. '0:0. ..-:ﬂ':o e - > . .. '.. .
- 4450 TEEheriigii Ly oS T T TN
. AT S e
- 4380 R S R L L
- S o+ -, possible’Pc
- “.L s:components
C | | M 1 |

2 4 6

m2, [GeV?]

No prominent pentaquark-like peaks
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Pentaquark model-independent

o ' Hb . [PRL 117 (2016) 082002] ok e o =1 12 13 filter out
< | \ - "g =" ¢ o -
- - = . ORI spin for
o - = ol -500E1_, L
o 1.‘. | ~ each m(K
04 L 25 | I=4 =5 I=6 (KP)
0.2 R 3
- ' 20 & b4
A Ay ¢ \ 8 ¢
i . AL
0.2 -E_ ' TN S §
-0.4F --'=--. %:‘l =7 =8 [=9
0.6F ";_' .
-0).6 5% i
: - EQ : oe® *
-0.8 t
m -30 ——t—
-] = 1 [=10 1=11 [=12:
;
o 3 rvs ry ’0"“.“.’“*]:
dCOSQA* -50 1.15.‘..21.... 1.15. o .21 SR 1.15....21...l2.5
my, [GeV]

(PU>k _ E : ('LU-/G)PZ(COS o0 ) Maximal rank of the Legendre polynomial /max cannot be higher than 2Jmax, where
l — 1/ Cq *

P— Jmax is twice the highest (Kp) spin which is present in the data at a given m(Kp) value
- 73



Pentaquark model-independent

Simulate phase-space decays of Ag — J/YpK ™ [PRL 117 (2016) 082002]

Weight according to m(Kp) and the moments (with [,,,,-filter applied)

Look at reflections of the pK system into the J/p system — pK reflections cannot explain
harrow structure!

Use likelihood ratio to test various hypotheses - Null hypothesis (A* only) rejected at 90

400

N
- 180 ey
3 g O3 F(A(-2InL) | H) 600 =
Py — = ! ~ L SS=F(A(2InL) 11T
2 1000} ‘g 160 —_— 500 —
; - & Bil. Gaussian [l
- _ < in 400
K _ ¥ 140 | —*— A*P (4380) T=205 MeV
) -
~ 800 g 300
o) 9 S
ﬁ ~.
2 . 200 S
- E 3 ==
600 - L
B 5 /// ESSS
= * ~ N -
_ § 777 A% V50 50 100 150
N 4 P (4380) I'=205 MeV, ¥

200

4 4.2 4.4 4.6 4.8

250 300 350 400
A(-2InL)

r -

S
My, , [GeV]



For the future: B;— )/ o

Candidates / (2.8 MeV/c¢?)

Possible threshold effects in B—)/\ppP and other

modes [Swanson PRD 91 (2015) 034009] B(B° = J/voo)

Contamination from
non-res decays

Simplified phase-space simulation inadequate to
describe structure

Looking forward to more data in Run-2 of LHCb

! :
gl
—+Hh

10

~ 40
: | T T T T | &
60 >
- LHCb ¢ Data 2 33 LHCb $ Data
- Signal + background -
50 — o SBlagiaglround < 30 43 Simulation
40 § 25
5 | 3 2
30 | O
: | 150 o

0 1 1 1 1 1 1
5300 5350 5400

0
i 2050 2100 2150 2200 2250
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JHEP 1603 (2016) 040] m(¢ ¢) [MeV/c?]

= 0.0115 + 0.0012+2-9905
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~ i
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Z(3900): in e*e =Y (4260)— 1T 1)/

Observation of another possible exotic charged state.

[Maiani et al, NJP 10 (2008) 073004]

Is Z(4430)* a radial excitation of Z.(3900)*? [Wang, arXiv: 14053581

2

:

Entries/20 MeV/c*

[Agaev et al, arXiv:1706.01216]
CLEO-c and BES-Ill have evidence/observation for neutral
member of isospin triplet decaying to T19/.
[PLB 727 (2013) 366] [PRL 115 (2015) 112003]
Also appears in D*D* decay mode (Z.(3885)%)

/ ooL— ~+-Data ;9 70
= — Total fit — o

NQ : ---- Background fit | o =2 60
> 80 — >

0 B -.=- PHSP MC N © 50
o } | S (O
[} sideband Y

o 60 \ o o 40
& s 9

= s 3 ¥
- -

® o 20
D o it

10F

0 ‘ 0 '
37 3.8 3.9 4.0 Sy EiaE e RgE

Mo (Tt Jy) (GeV/c?) M, . () (GeV/c?)

[200TST (£107) 011 Tdd]

@08888

- Y(4260)

N -
™

PO T )

[20025T () 011 T¥4d]

8 4 42 44 46 48 5 52 54

Mz 7 Jiy) (GeV/ic?)
BESII \ 1D fit to

Brand-new amplitude analysis
[PRL 119,072001 (2017)]

M = (3894.5 + 6.6 + 4.5) MeV/c2
[ = (63 £ 24 £ 26) MeV
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Understanding the Z(3900)-

Some lattice QCD calculations do not support

existence of Z.(3900)%

[Prelovsek et al PRD 91 (2015) 014504]

No sign of Z(3900)* —)/YT11* in B decays or

photo-production (Yp—)/\WTT% n) [COMPASS, PLB 742,330 (2015)]

Indicates that Z.(3900)* (and Z.(4020)*) may
not be dynamical in nature but some kinematic

effect (e.g., threshold cusp)?

Or maybe not!

[Swanson PRD 91 (2015) 034009]
[Ikeda et al arXiv:1602.03465]

[Szczepaniak PLB 747 (2015) 410]

[Cleven et al arXiv:1510.00854]

m2(rtt) [GeV?]

_ b—»—énz o
B {a W n

—<-\C; ;—’%n*

» Rt :.;l"". : '!?'S':':?;.:'—t‘.‘/ ' o 4 SRy iy :
: | . | : | 1

i U AR B
IR % KB R .

20 25
m2(J/ypr*t) [GeV?]

[PRD 90 (2014) 012003] /7



Charmonium production in b-hadron decays

[arXiv:1706.0701 3]

(1S)
~ 2000 b
E Resonances described by LHED
= RBW ® double-Gaussian Ri(fsn) < 0.39 (0.34)
> 1500 RI9Y) <0.14 (0.12)
= RX2(F) < 0.20 (0.16)
=
: - 95% (90%) CL upper limit on
~ E: )s<|(g3n9c|>1;))( 98(;(21)) BR relative to conventional
el cC with same JPC
Xel Xc2
500 .. ‘ 1(25)
0
2800 3000 3200 3400 3600 3800

b = ([c8] — o) X M(90) [MeV]

by requiring separation between primary and secondary vertices 78



Future X(3872) measurements

Charged partners of X(3872) predicted by
some tetraquark models [Maiani etal

Partners not observed in B decays and limits
below what would be expected for isospin

conservation = X(3872) is iso-singlet?

Alternatively, the partners may be broad
due to presence of thresholds, so may have
evaded detection = amplitude analysis

Make more precise width and mass
measurement

[Belle PRD 84 (201 1) 052004]
[BaBar PRD 71 (2005) 031501]

1 Y 1 Y I

(b)) _

b
-

[—
-
1
®
®
®
®

Events/10 MeV/c?
S
| L PN
Events/10 MeV/c?

3.8 385 3.9 3.95 3.8 385 30 395
m(J/yr ) (GeV/cY) m(J/yr ) (GeV/c))

FIG. 3. The J/¢w ° invariant mass in 10 MeV/c? bins for
(@) B — J/ym~ 7°K* and (b) for B~ — J/ym 7°K?. No
indication for the decay X~ — J/ymr™ 7° can be found.

BB’ - K X)YxBX" - p'Jy)<42%x107°,

B(B* - KX x BX - p* ) <6.1%x107°, L



Z(4430) interpretations

Result confirms existence of the Z(4430), measures JP=1* and, for
the first time, demonstrates resonant behaviour.

Mass close to DD* thresholds - perhaps this is the organising
principle of these exotic states?

Large width - unlikely to be molecule?

P=+ rules out interpretation in terms of D*(2010)D*(2420)

molecule or threshold effect (cusp).
[Rosner, PRD 76 (2007) 114002] [Bugg, J. Phys. G35 (2008) 075005]

Rescattering effect proposed, but phase motion in wrong direction!?
[Pakhov, Uglov PLB748 (2015) 183]

Diquark-antidiquark bound state is an explanation. [Maiani et al, PRD 89
14010]

Potential neutral isospin partner? Z(4430)0% in B* = Y(2S)TToK*

80



Efficiency

e(m¢K, Q) = €1 (m¢K, COS OK*)'GQ(COS 9¢‘m¢K)°63(COS 9J/¢ |m¢K)-e4(A¢K*,¢\m¢K)-65(A¢K*,J/¢ \m¢K)

L.HCb simulation

- 2 1.6
? LHCb : S
i simulation 0.5 .
0 1.2
1
—0.5
0.8
=) 1.6
17 El ’ 1.4
3.5 3 35 5 15 0 |
o , m- .. [GeV 1.2
Assume efficiency factorises. on | ] 0
Fully simulated signal decay used to get parameterisation (bi-cubic :
interpolation between bin centres). -2 0.8
Simulation is weighted to match p(K), oT(B) and nTracks distributions in dat 0.6

. 1600 1800 2000 1600 1800 2000
Band in €, from veto on double ¢p = K+K-. My, [MeV] M,y [MeV] )


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

Background

1Jgkg(ﬂn¢dfasz)
d(mek) Powgy (Mo, €08 Ok ) - Poicgy(c08 O |mok) - Powgs(c0s Op [Mokc) - Poicgy(Abrcr,9lMox) + Pogs(Abrce,apw Moic).
1.6 1.5
1.4 e
1.3
1.2 1.2
| 1.1
0.8 :
0.9
0.6
0.8
0.4
0.2 1.4
| 1.3
X 3 35 5 15 0 S
2
Mg |GeV~] .
1
Same factorisation method as for efficiency. 0.
Use sidebands of the B mass to get distribution. 0.8
0.7

1600 1800 2000 1600 1800 2000
rnM(DWéV] rnW(DWéV]


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

Amplitude model

Two interfering channels.
Use 5 angles and m(Kp) as fit observables.

Resonance mass-shapes: Breit-Wigner or Flatte.

State JP My (MeV) Ty (MeV)
A(1405) 1/2—  1405.1717  50.5 £ 2.0
A(1520) 3/2 15195+ 1.0 15.6+ 1.0
A(1600) 1/2% 1600 150
A(1670) 1/2 1670 35
A(1690) 3/2- 1690 60
A(1800) 1/2- 1800 300
A(1810) 1/27F 1810 150
A(1820) 5/2% 1820 S0
A(1830) 5/2- 1830 05
A(1890) 3/27F 1890 100
A(2100) 7/2° 2100 200
A(2110) 5/2% 2110 200
A(2350) 9/2% 2350 150
A(2585) 7 ~2585 200

[PRL 115 (2015) 0720011

A, rest frame
(I)A* =

A) — J/pA* A" — pK™

lab frame

) rest frame

A, rest frame

A rest frame

A - PYK—  PF— J/yp

lab frame
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Z.(3900)* amplitude analysis

Original ID fits from BES
3899.0 +- 3.6 +- 4.9 MeV
46 +- 10 +- 20 MeV

From Belle
M= (3894.5+£6.61+4.5) MeV/c?2

[ = (63124+26) MeV/c2

| + state preferred. rrru 119072001 2017)
Large systematic from knowledge about 0 and fO(980) and fO(1370) lineshapes

Mpole = (3881.2 + 4.2 stat £ 52.7 syst) MeV/c2, [ pole = (51.8 £ 4.6 stat + 36.0
syst ) MeV

Moole = (3883.9 £ |.5 stat + 4.2 syst) MeV/c2, [ o = (248 £ 3.3 stat = | |.0
syst) MeV

Does D*D0 analysis use full amplitude fit?

84



Other exotic states

Z(3900)" seen in J/PTT". Also have Z(3885)" in (DD*)", showing a dramatic near threshold peak.These
could be the same state. Need partial wave analysis of |/\DTTTT final state to determine this.

Z.(4020)" seen in hc(1P)Tt" by BESIIl.Very narrow width.This could be charm-sector equivalent of
Z,(10650)". Isospin triplet?

Z.(4025)" seen recently by BESIII just above (D*D*)" threshold. m(D*D* ) distribution not described by
phase space.This could be same state as Z.(4020)".

(\'0 100: g 120f 80" . _ comb.BKG —+— data
S~ B W i :\ """ *D** o -
S™F ) 7.(3885) 3 100/ b | b0 74025
D goF o = 6017 (4025 °
= ’ 2 80f g i ¢ H ---- PHSP signal
“ C | E" i Ty i WS
5o | bl 3 SEARLNY
i . — - oy : i
O 401 b + ! N 39 40 4.1 o [ /+ ~
c | NS T { ? M_, (GeVic) | B _ T * N
O | B ¢ o 20 ™\
> 20'_ ".... + - > - / | — — *
2 OJ 20 Z(4020) | @ [ A geci T, R
3.85 3.90 3.95 4.00 4.05 4.10 4.15 Pos 400 405 410 45 420 %3S 402 404 406 _ 4.08

M(D'D*) (GeV/c?) M,.,, (GeVie’) RM(r) (GeVic?) "



Exotic Z. states from BES-III

erer— 1t (O (0T /Y erer— 1t (0)r( O)h/o
Z.(3900)* Z.(3900)° Z.(4020)* Z..(4020)°

4~ Data
- Total fit
---- Background fit

- = PHSP MC

+ [ sideband
\

o
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-
—
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—
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8
Events/ (0.02)
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Events /0.01 GeV/c?
8 8

2
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o sk B RER A

; ", | f5 39 395 4 .
3.8 3.9 . > - D . i . 410 415 420 425 M (GeV/c?)

M o (T Jy) (GeV/c?) M( nJ/ v) (GeV/ Cz) M, (GeV/c)

erer— (DD * )2 (01 (0) erer— (D¥D* )2 (017 (0)
7. (3885)*  Z,3885)° Z(4025) Z.(4025)°

-+-Data | — - comb.BKG  —+ data

— Global Fit ks
S'gna] — - Z,(4025)
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@
o

8

e 338 8
3
»
=

2
Events/(5MeV/c’)

) T ¢ 1

H
o

Events / 4 MeV

Ww oS 883
3
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&
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n
o
LAl T ¥
-
o
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’ :;f"i [ 1 |..|...i"1'°1~-§,l.|..'l'"l"l-- H?.».. ‘
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* Nature of these states? Isospin triplets?
* Different decay channels of the same states observed?
* Other decay modes?

http://moriond.in2p3.tr/QCD/2016/

WednesdayAfternoon/Garzia.pdf 86



LHCD limits on the X(5568) ..c.cowuicws

,2000 — B B,(5747) - B'n —
>, . E_LHCDb Prelimina B,(5747)> BBY)xt
g 1800 - Y [ B(5721)'> B'(B%)n* =

1600 :_ Combinatorial _:
5 1400 —
D — —
1200 — =
o — -
T 1000 F 1w
O 800f —
600 B =
400 — —
200 — —

2 - -

E R TR S D A T A T
" .:' * el * 8 ¢ $l01 SLI9TeT § ;l."f" e 1 \ . e A ' ; W' T nn ::

2fHH IR T R & R S & S Ll S AL LR R B 1.8

_4 — —

100 150 200 250 300 350 400 450 500

Well known excited B states found using same analysis techniques

m(B°r*)-m(B°)-m(n+) [MeV/c?]
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Which resonances should we add?

[From PDQ]

P — : : : - Resonance  J©  Likely n*>T1L;  Mass (MeV) Width (MeV) B(K*® —» KTx )
L - - K (800)° (k) 0T — 682+ 29 547 4 24 ~ 100%

010° F = K*(892)°  1- 135, 805.04 + 0.26 48.7 + 0.7 ~ 100%
O KJ(1430)° o 13 Py 1425 + 50 270 + 80 (93 + 10)%
St - K (1410)° 1~ 235 1414 + 15 232 £ 21 (6.6 + 1.3)%
=102 F - Ky (1430)° 2F 13p, 1432.4+1.3 109-+5 (49.9 + 1.2)%
:’ E § BY — 1 (25)K T~ phase space limit 1593

% - - K (1680)° 1~ 1°D; 1717 £ 27 322 £ 110 (38.7 £ 2.5)%
_‘q§ 10 F ¥ Ky (1780)° 3~ 13D, 1776 + 7 159 + 21 (18.8 + 1.0)%
o : : Ky (1950)° of 23 P, 1945 + 22 201 + 78 (52 + 14)%
g [ s ] K} (2045)° 4+ 13F, 2045 +0 198 4 30 (9.9 4+ 1.2)%
O 1 3 b E B - J/ Ko~ phase space limit 2183

En ol ! - K (2380)° 5~ 1° Gy 2382 +9 178 + 32 (6.1 + 1.2)%
0.5 1 1.5

Background from sidebands of B mass
K'n™ spectrum contains many overlapping resonances.

Each resonance has a complex amplitude for each helicity component.
Measure all amplitudes relative to K*(892) helicity-O component.

Detault result includes all resonances up to K*1(1680) (J = 2).

Main systematic uncertainty comes from varying model to include higher K'n™ spin-states (J = 3,4, 5).
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Reconstruction and selection efficiency

LHCb < 100% efficient at reconstructing the decay particles in 4D space.

Extract efficiency model from events simulated uniformly in phase space and passed through detector
reconstruction.

Also, remove events (~12%) near edge of kinematic boundary since efficiency not well modelled there.

2D representation...

c\’]_' EI vt | | vt | IE 1.2 ) ) )
S nf 1™ € High efficiency
. 21F 37
= — -
20 — 0.8
19 F-
Caused by low £ 1 o
momentum pions 4k 1
: LHCb : .
I5E ... . il Low efficiency
0.5 1 1.5 2 2.5

2
mz . _ [GeV~] 89



Fitting the model to the data

Observables (mass, angles)

PDF Parameters Efficiency drops out

Nyic
— — | =\ |2
(@) = ) IM(@]a)
e In any amplitude fit, difficulty comes from integrating the matrix element. i

e Solution: sum over fully simulated, reconstructed phase space MC.
e This automatically includes the efficiency in the normalisation.

e Alternative approach explicitly parameterises the 4D efficiency.

Try different models for K™ and Z(4430), compare values of L.
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Z(4430)= parameters from amplitude fit

LHCb

M(Z) [MeV]
[(Z) [MeV]
fz [%]
SALE

significance

JP

e Excellent agreement between LHCb and Belle.
e Large width - unlikely to be molecule?

4 7+15
4475 + 712

37
172 +£ 13737

5.9 -

1.
~ 0.9f3,§

>

2.6
16.7 £ 16755

13.90

1+

New (large)

systematic included

Amplitude fractions [%]

Contribution Belle
S-wave total
NR| 0.3:
K (800) 5.8 + 2.1

K;5(1430) 1.1+£14
K™ (892) 63.8 + 2.6
K5(1430) 4.5+1.0
K7(1410) 4.3+2.3
K{(1680) 44+19
7(4430)- 10.313Y

b A, ) Pdmiced?

0

- 132, Ar(mir, Q)| 2dm g dS2
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10.8

10.6 |

-
O
1N

MASS [GeV/c?]
o
N

10.0

9.8

9.6

9.4

Bottomonium spectrum

[Olsen arXiv:1403.1254]

_____ 2Ms- ]
MBEME el 2 0B O b e
..... 2Me  M— ] ]
Xp1(33P1)
Y(33S
No(@'S0) o)
hi(21P+1) Xoo(23P0) Xb1(23P1) | X02(2°P2)
Y(13D1)
I
3
Nb(2'So) DUE )
he(11P+) 13p.) | Xp2(13P2)
b 1 )(bo('|3po) Xb'l( 1)
J'E'f'
established bb states
D) recently found bb states
Nu(11So)
O+ 1— 1+ O++ 1++ 2++
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Bottomonium-like states

'__U'
- AJ
: + + . © i
Belle has evidence for Z,(10610)" and Z,(10650)" resonances when Iooklng S
+___— +___— =
at TT 1T Y(nS) and 1T 1T hp(mP). [arXiv:1403.0992v1] s S
s D
G(P) = 1+(1*), Virtual BB* and B¥B* S-wave molecule-like states? ; S
?O.I 102 103 104 105 106 107 10.8 g
Also first evidence for neutral isospin partners in TIOTTOY (2S) amplitude fit. - reg.
\ 'E 80
$
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