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What are exotic states?

@ The quark model allows for colour-neutral states beyond the well established
qg mesons and gqq baryons

@ States such as gqqqg (pentaquark), gqgg (tetraquark) are postulated in
Gell-Mann’s and Zweig's original quark model papers (1964) pays.ett. s (1064) 214215,

CERN-TH-412

N — mﬂ

A SCHEMATIC MODEL OF BARYONS AND MESONS *
M. GELL-MANK
Catfornia Iestitule of Secheiop Pecadena, Celifrna

Receved 4 Jazuary 1964

If we assume that the strong interactions of bary- ber - nf would be zero for all known baryons ang
oas are correctly described in terms of mescns. The most interesting example of such 2
the broien “sightlold way" 1-9), we are tompted to  model {s ane in which the triplet has spin & and
look for some fundamental explanation of the sitw- & = -1, 0 that the four pacticles d°, 5”, o and
tion. A highly promised approach is the purely dy-  exhi

it 2 parallel with the leptoos.
ramical "bootstrap" model for all the strongly in- A gimpler and more elegant scheme can be
teracling particles within which one may try to de-  constructed if we allow non-mntogral values for the
Tive fsotopic spin and strangencos conaervation and  charges. Wo can dispenso entirely with tho basd
brokes clgniold symmet from sef-consltoney | busyon b1 we asegn to e tiplet | e fllowg
alone 4). Of course, with only strong Interactions,  properties: spin &, = 4, and oy rumber J.

e ceicatatlon of the asyimastry in the witary e then cefer to the me; 4, d-3, and 64 ot
space cannot be specificd; ot hopes that in some
way the selection of specific camponents of the F-
spin by electromagnettsm and the weak interactions Sonstrugend from qwu by using the combinations
determines the chotce o tsotoptc spn and hyger- | (34, 4994, et mesons are made o
charge directions. et uming that the

Even if we consider the scattering amplitudes of o
ety iR el i iadh lLorly tatitia By 8, A AW A b e cEARPUR, WS
and treat the matrix elements of the weak, electro-  the lowest meson configuration (q) stmilarly give:
magnetie, and gravitational interactions by mears  fust 1 and 8.

@ We now refer to any hadron that does not follow gg/qqq as exotic
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What are exotic states?

We keep finding exotic candidates... especially in charm...
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+ T

: (4430') charged, ccud, hldden- Four X state tetraquarks in J/1¢ at
charmonium tetraquark at Belle in LHCh - rinimal A
B® — (25)n K~ decays - minimal quark content cs¢§
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What are exotic states?

and we keep finding exotic candidates... especially in charm...
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Z,, bottomonium tetraquarks with bbud P, state pentaquarks in J/vp with

decaying to upsilon resonances at Belle
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minimal quark content ccuud at LHCb
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What are exotic states?

LHCb is in a unique position to search for exotic contributions in decays of all b
hadrons

@ b hadrons in LHCb acceptance have the ratio 4:2:1 for B® : A : BY
@ LHCb is the only detector able to do the physics discussed in this talk

odo ©
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Whats a Dalitz plot?

Consider a 3-body pseudoscalar decay X — 123. It can be completely described
by 2 independent variables mi; and mo3

0 1 2 3 4 5
miy (GeV?)

A 2D scatter plot of 2-body invariant masses in the decay X — 123.

This is a Dalitz plot - a visual representation of the resonant substructure of (or
different decay paths contributing to) a decay. From it we can determine

@ Resonances present in a decay
@ A resonances spin

@ Interference between resonances

N. Skidmore 8/62



Whats a Dalitz plot?

Consider a single resonance (amplitude component/decay path) contributing to a
decay X — abc so X — (i — ab)c

A,' — \A,-|e’9"
Initial state Final state
Observable on Dalitz plot E.
A2 = |A;?
Lose all information about phase of Sl
amplitude M

Single band in m,;, at m,2
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Whats a Dalitz plot?

Consider a single resonance (amplitude component/decay path) contributing to a
decay X — abc so X — (i — ab)c

A; = |A;le"
i

Initial state Final state

MW'n) (GeVic)

If a resonance has spin S it's
amplitude component has cos®
dependence

;f{l(n‘;’(GeV/b’z)
Resonance of spin 1

This can lead to reflections!(Note a resonance decaying to bc would be seen on diagonal)

N. Skidmore 10 /62



Whats a Dalitz plot?

Now consider 2 resonances (amplitude components/decay paths) contributing to a
decay X — abc so X — (i — ab)c and X — (j — ac)b

A = |A;le"
|
Initial state Final state
Aj = |Ajle”

W) (Govich)

Observable on Dalitz plot

|A]> = | Ail>+| Aj|>+2| Ail | Aj|cos(0;—6;)

Now have access to the amplitude o
component phases through Destructlvimtderference between two
interference! resonance bands

W) (Gevic)
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Whats a Dalitz plot?

We use quantum interference effects between indistinguishable decay paths from

same intitial state to same final state. Interfering decay paths create complex
phasespace distribution

Double slit

single slit

)

10?

10

2 3
s. (GeV¥c?)

L D°® — K277~ decays. Spin 1
Interference with light K*°(892) resonance clearly visible.

An amplitude analysis fits this phasespace distribution

N. Skidmore
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Whats an amplitude analysis?

Amplitude analyses decompose a total decay amplitude into amplitude
components, A;, each weighted by a complex coefficient, a;

Ay

A
i
A

i

\/
Initial state Final state Aror = aiA;
i

A

Amplitude components are made up of 3 terms

A; = Angular term x Form factors x Lineshape

Conserves angular momentum - involves quantum numbers J of resonance
Accounts for spatial extent of particles

Often a Breit Wigner - appropriate if the resonance is narrow/well separated -
involves mass/width of resonance

N. Skidmore 13 /62
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Enhancements in mass distributions or on the Dalitz plot

Short lived exotic states appear as resonances in decays

@ Exotic resonances can be seen as enhancements in mass distributions or on
the Dalitz plot

T | A B 116
[ a) dota ] Belle
> 300 8 v
0] 114 |-
=4 8
S 200 ] .
S 7.01(3872) ] g2
£ ] g
= - - -~
2 100 - . g
w X110}
L ]
0 1 L s I
0.40 0.80 1.20 108 | | |
e . [} 0.2 0.4 0.6 0.8
M@ TTT) - M(I'T) (GeV) S
X(3872) in B — K(ntw~J/1) decays Zp states in T(55) — T(nS)rtn~

@ Pros: Easy measurement of mass/width of states - Breit Wigner model

@ Cons: Interfering resonances and reflections can fake 'bumps’
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A full amplitude analysis

Exotic resonances interfere with known resonances creating complex phasespace
distributions
o A full amplitude analysis is required to untangle these contributions and
determine mass/width AND quantum numbers (J”) of exotic states

—=— data
t —e— total fit
background

1800} —a— P(4450)
—a— P,(4380)
< 1600 - A(1405)
) i- A(1520)
= 1400, A(1600)
12 1200 A(1670)
hag e A(1690)
,E 1000| 3= A(1800)
- A(1810)
2 800 teee A(1820)
w

A(1830)
A(1890)
A(2100)
A2110)

% X 5 ! T 26
my, [GeV]

@ Pros: Can determine all properties of a new state

o Cons: Model dependent (lineshape etc.) - requires the most assumptions
about other states (which decay paths do we include) and is the most
complex of procedures
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Model independent approaches - Argand diagrams

Argand diagrams can confirm if a bump behaves like a resonance

@ The decay of an isolated resonance can be described by the Breit Wigner PDF

in the complex plane (derived from the propagator of an unstable particle)
@ The Breit Wigner amplitude has characteristic nature in complex plane
e Anticlockwise circular trajectory
o Phase change of 7/2 across pole mass mg
Intensity Argand Diagram
BT

Im(T)

08/
06
04l

02}

m=m,

. L e S |
08 1 12 14 16 18
086 04 02 0 02 04 08 08 1 12 14 16 18
m[Gevic’] Re(T) m [GeVict]
iktp.tu-dresden.de/IKTP/Seminare,/152012//pelizaeus. pdf

@ Pros: It is very unlikely that this signature can be 'faked’
@ Cons: Only true for resonances well separated from other
resonances/thresholds

17 /62
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https://www.hep.phy.cam.ac.uk/~thomson/lectures/partIIIparticles/Handout14_2009.pdf

Model independent approaches - moments analysis

Model independent approaches can evaluate the null-hypothesis that only
conventional states are needed to describe the data

% 1000 - N Conventional states only hypothesis
= r * ! Exotic contributions hypothesis
g C A
< 800
= L
o} L
b L
600
400—
200
oL 1 1 1 1 1
4 4.2 4.4 4.6 4.8 5
myy o [GeV]

Evidence for non-conventional states in A% — J/vpK~

@ Pros: Model independent - only require knowledge of the spins of
conventional states

@ Cons: Can only tell you that 'something’ beyond the simple conventional
state interpretation is required. This 'something’ could be including
kinematic effects

N. Skidmore 18 /62



How do we know if a state is exotic?

Its exotic

@ Quantum numbers are not
allowed for q@’ or qq'q” - state

) It might be exotic...
must contain >3 quarks

n: radial quantum # L
=(:

S: total f LS
spawne @S+ e

L: orbital ang. mom. J =(-
btw quarks - S,P,D.
L S JPOIL S JPY|L § JF°
000 T[1017[20 27T
o ++ - . . .
011 1 } (1)++ g i ;” @ Mass/width do not fit into
11 9t+|2 1 3—- predicted spectra

Allowed quantum numbers for qg. eg

cannot have 17+

@ Production/decay incompatible

with conventional hadrons

@ Many exotic states do not fulfill
this condition

It is difficult to claim something is definitely exotic
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e hadron multiplets

Have been able to classify light hadrons well using the multiplet system

(ds) Y
Kxo K*+
/,. L]
du) / \ id
(;) /e \ 99 &
40—P 0
\ P/ Ty
=T
K| K°
(su) [ (sd)

JP =17 vector meson multiplet

JP = 07 pseudoscalar meson multiplet

4ddu)n Y (uud) (‘Ii‘l’ » YA+ '“A“:p
J . . . .
(5;(’“ A fﬁ;i" N, L
S % T
e /T DN AR
.:._ ;0 Q 'l.\s‘.\‘)
ssd) | (ssu)
P _ 3+ .
J" =3 baryon multiplet

(
JP= %Jr baryon multiplet
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The hadron multiplets

Even with the addition of Charm...

JP =17 vector meson multiplet JP = 07 pseudoscalar meson multiplet

N. Skidmore




The situation now...

Over 20 states in charm sector alone that do not fit into conventional hadron
model

2008 17—
— observed at Belle
- sfimed at DO, CDF
2001 - ¥(3940)] observed at Belle

60) observed at BaBar
1930)] observed at Belle
sfirmed at CLEO-c

). ¥ (4008). ¥ (4660) observed at Belle

/

/

% (4300 abmerve ¢ D What are XYZ states?
-~

7

/

¥(4360) confirmed at Belle
X(3015) [as ¥(3040)] confirmed at BaBax

{4100, Z5(250), (o450, X 1630 Some are standard quarkonia... most
Y10638) v a Belle are exotics

4930)] confirmed at BaBar

2000

X states:

2010

2011

2000 st LR @ Neutral, positive parity

)0 observed at BESII

confirmed at DO, CMS Y States.
@ Neutral, JP€ =1-—, ISR

bkl 132D, 2390, 2,(4020) confmed . BESII Z states:

)* observed at Belle
observed at BESI

2012

o @ Charged/neutral, typically
positive parity

2016

Discoveries of heavy quark exotic candidates
arXiv:1610.04528

N. Skidmore




The situation now...

Over 20 states in charm sector alone that do not fit into conventional hadron
model

008

2001

2005 4—= /
w7 gz
/

2007

The quark model is over 50
years old, only in 2003 was the
first exotic discovered

/ : densed Why did it take so long to find

exotic states?

o Light sector (<2.4 GeV) is
crowded and states are
broad

@ Can only be extracted

a0 through complex partial

(1500, X(1700 ooerd o LHCY wave ana |ysis

2010

2011

2012

2013

2014

Discoveries of heavy quark exotic candidates
arXiv:1610.04528

N. Skidmore



The importance of Charmonium

Why were exotics first discovered in the charm system?

@ Decays of conventional cC states with masses below open charm threshold
mpp are OZI suppressed - states are narrow and well separated

+

T

OZl-suppressed 0OZl-allowed

@ Above the open charm threshold OZI allowed processes dominate - wider
resonances but still significantly narrower than light quark states

OZI-suppressed - there is some time when all energy/momentum is carried by gluons - can cut
through only gluon lines leaving initial state particles on left and final state particles on right

N. Skidmore 25 /62



The importance of Charmonium

@ Charm is the lightest ‘heavy' quark - me >> Agcp - can determine
charmonium spectrum with simple non-relativistic quantum-mechanical

treatment
3 4 | QCD potentiol
e
>
v=-$%ik
0.5
Confining
) of
_ Small distance gluon e et
" exchange v=-%2%
3r
_ k& —OB pe [ Coulomb-—like
Vee(r) = 2 —|— br
~¥
r ~~_ Large distance
confinement P
-15 k =1GeVfm™"
plus spin-spin and spin-orbit terms
=2
02 04 06 08 1

1.2
£ (fm)

@ Using V°¢(r) with SE can predict entire cc spectrum below open charm
threshold and some states above
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The importance of Charmonium

States well separated

Have reliable predictions of expected conventional states

4500
¥(4415)(4S)
- —
Several .
predictions for Wider
samestate  p--nnnooe e L sy T s states
\ $(4040)(3S) ey
e s Xc2(2P) s
s D5
g $(3770)(1D) N 2(3523)(1D) Open
4 (28) | charm
s 7:(25) .- threshold
he(1P) Xe1(1P) \’17
3500 —
xeo(1P)
Narrow
states
1/6(18) n: radial quantum #
—— L: orbital ang. mom. i _
I oo moris S5m0 N L Predicted - observed
Predicted - unobserved
o+ X 1 ot 1+ 2++ 3 7’

N. Skidmore




X(3872) the first exotic

X(3872) first observed in 2003 by Belle when studying B — K (7w~ J/v) decays

T
a) Belle dato

w(2s)

@ Resonance in J/¢Ymm spectrum
seen as enhancement in mass
distribution

A
o

)
|

N
o

)
I

@ Mass measured as
3871.8 £ 0.7 £ 0.4 MeV

o Width measured as ' < 3.5

e
MeV o L ort Sl f"d“‘uyﬂl ’ Lr‘ 7
€ 0.40 0.80 1.20

100 —

Events/0.010 GeV/c?

X(3872)

@ Favoured quantum numbers

M) - M(IT) (GeV/c?)
JPC _ 1++

Phys. Rev. Lett. 91, 262001 (2003)

Could X(3872) just be excited charmonium state?
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X(3872) the first exotic

X(1700)
Y (4660 Emg (4630
X(4630) A+ K
""""""""""""""""" €157 e |
4500 t
¥(4415)(4S)
] X (4350)
Several Lli360), o — )
predictions for Sy Pl 1Y  Wider
same state £4160) ==Y (4260) _ Y (4230) |
X 64160 RETTS Sriia states
\ $(4040)(35) 290620 et
Hoo, Y (4008) X(3915) & I
-
‘e' X(3940) vt P D" o
2 ¥ (1D) T pen
7 ¥2(3823)(1D) DOD charm
= @) threshold
he(1P) Xe2(1P) I
e Xe1(1P) —
3500 —
Xeo(1P)
| Narrow
states
J/$(19) Predicted - observed |
- ne(1S) Predicted - unobserved
Exotic charmonium candidate
o-+ 1 1+ () i+ b g o 2+ 2 - 7
e

N. Skidmore




X(3872) the first exotic

X (1700)

¥ (4000) B 100
1500
©(4415)(45)
,,,,,,,, Y15 4S)
Several | T
predictions for ST D
same state X (4160 426 4230
——(4160)(2D) Y(4140 states

¥ (4360)

/

- {4040)(35)- T
1000 TR
_ ¥ (4008
2 Open
Z “@ET0)(1D) SrEnaD) )
% I = A | nesan) .ot charm
s 7:(25) threshold
2(1P)
he(1P) xapy 2200
3500 —_—
Xeo(1P)
Narrow
states

J/601S)

Predicted - observed
000 _ne(18) Predicted - unobserved
Exotic charmonium candidate

0t 1 1 ot 1 2+t %

@ LHCb confirmed quantum numbers JP¢ = 1*+ - nearest conventional
undiscovered charmonium state is x.1(2P)

o Width is very small - would expect larger widths for charmonium states above
open charm threshold
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Pentaquarks - false starts

Three quarks cannot produce S = 1 baryon resonances and this has probably been
the the primary motivation for the great amount of experimental effort that has
gone into S = 1 baryon physics during the last several years (1976 PDG)

Any resonance with S = 1 must be mainfestly exotic, e.g a pentaquark with quark
content gqqqgs

Claims of exotic contributions Z5(1780), Zp(1865), Z1(1900) in kaon-nucleon
scattering experiments in 1970s but none significant

e ,
»
1
1 —4
H
g 1976 PDG S=1 [=0 EXOTIC STATES (Zg)
[/ ‘
2 | 1 o (K*N) l.".. seesenens
g § use et coseesess Seesestes ettetes seeseeses Sesessess Sesbierte Sosebetn
Swob THIS EXPERIMENT
1 [ | { omien
e IZ (1780) |°5 25001780, JP=1/2¢) =0
J () THE PRECECING THIS LISTING.
, |
MILSON 72 AND GIACOWELLL Te FIND SONE soLurichs
N AN-CIRE Bekiyian Th T 51 “BikT Ay wave
| THE EFFECT SEEN HE 1=0 TOTAL CROSS SECTIGA:
a1 M TEE AR ECANGE, MsT have sPineiss e
° o3 0 ‘-" 24 INELASTIC CROSS SECTION 1S VERY SMALL ANO THE TOTAL
: |
oo et —ados ko8

TOTAL ¢m. ENEROY MoV}

K™ d scattering data from Bugg (1968),
Cool(1970)

N. Skidmore 32/62



Pentaquarks - false star

Skepticism about results in kaon-nucleon scattering where many other broad
resonances exist and no significant confirmation followed ...

1986 PDG
NOTE ON THE S = +1 BARYON SYSTEM

The evidence for strangeness +1 baryon resonances
was reviewed in our 1976 edition,l and more recently
by Kelly2 and by Oades.> Two new partial-wave ana-
1_vses4 have appeared since our 1984 edition. Both
claim that the P, 3 and perhaps other waves resonate.
However, the results permit no definite conclusion —
the same story heard for 15 years. The standards of
proof must simply be much more severe here than in a
channel in which many resonances are already known to
exist. The general prejudice against baryons not made
of three quarks and the lack of any experimental activity
in this area make it likely that it will be another 15 years
before the issue is decided.
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ntaquarks - false starts

and followed...

1992 PDG Z BARYONS
(5=+1)

NOTE ON THE S = +1 BARYON SYSTEM

The evidence for strangeness +1 baryon resonances was
reviewed in our 1976 edition,! and has also been reviewed by
Kelly? and by Oades.®> New partial-wave analyses*® appeared
in 1984 and 1985, and both claimed that the Pj3 and perhaps

other waves resonate. However, the results permit no definite

conclusion — the same story heard for 20 years. The standards

of proof must simply be more severe here than in a channel

in which many resonances are already known to exist. The

skepticism about baryons not made of three quarks, and the

lack of any experimental activity in this area, make it likely

that another 20 years will pass before the issue is decided.

Nothing new at all has been published in this area since

our 1986 edition,’ and we simply refer to that for listings
of the Zo(1780)Py1, Zo(1865)Dys, Z1(1725)Ppy, Z1(2150), and
Z41(2500).
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ntaquarks - false starts

In 1997 the existance of a low-mass pentaquark was predicted with the quark
content vudds, m = 1.53 GeV and I < 15 MeV

In 2003 a narrow peak in the nK™ distribution of yn — nK™ K~ data was
observed at 1.54 + 0.01 GeV at 4.60

A e
—~ : ©(1540)"
rh -5 151 -
— l:id — > I
neutron o [
A NP gof ]
High energy 5 3 F
gamma rays ‘ad oo ~ g &l :
= > N + 7
upmlon i K @ p o 1B
d 5 — [
B oLl | 1 calid,
deuterium proton 15 16 17 18
target qy MM, (GeV/c?)
U~

Phys.Rev.C79:025210,2009

The yn — K*K ™ n reaction on '>C has been studied by measuring both K* and K~ at forward
angles. A sharp baryon resonance peak was observed at 1.54 *+ 0.01 GeV/c? with a width smaller than
25 ME:V/(‘Z and a Gaussian signi of 4.60. The str quantum number (S) of the baryon
resonance is +1. It can be interpreted as a molecular meson-baryon resonz or alternatively as an
exotic five-quark state (uudds) that decays into a K* and a neutron. The resonance is consistent with the
lowest member of an antidecuplet of baryons predicted by the chiral soliton model.

N. Skidmore




Pentaquarks - false starts

Nine other experiments in the next year claimed to observe the ©1(1540) with

> 4o significance

©(1540)

2004 PDG

1(0P) = 0(?7) Status: kk

As is done through the Review, papers are listed by year, with the latest
year first, and within each year they are listed alphabetically. NAKANO 03
was the earliest paper.

It is difficult to deny a status of three stars and a place in the Summary

Tables for a state that six experiments claim to have seen. Nevertheless,

as _discussed in the above note, we believe it to have some

reservations about the existence of this state on the basis of the present

evidence.

VALUE (MeV: EVTS

1539.2+ 1.6 OUR AVERAGE

1533

1555
1539
1540
1540
1542

& 5 27
+10 41
+ 2 29
4 £2 63
+10 19
=+ 5; 43

T ASRATYAN 04

2 KUBAROVSKY 04
3 BARMIN 03
4 BARTH 03
5 NAKANO 03
6 STEPANYAN 03

DOCUMENT ID

TECN  COMMENT

BC v, 7inp,d,Ne BEBC and 15- |
CLAS -,pft— st K= K+n

XEBC KtXe— KOpXe

SPHR ~p — nKt KO

LEPS ~12c — KtK—nX I
CLAS ~d — Kt K= pn

PDG gives 3-star status to ©1(1540)

Despite the statistical significance of the ©%(1540) some problems were

uncovered...
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Pentaquarks - false star

Cuts were found to inadvertantly to enhance signal

E\ E N Nev=1112
Bl I fl; |
B
“F JJHJ? Hl;
. j | Before any cuts
) S L P th}ﬂm-; =

Low energy K™ — Xe collisions in Xenon bubble chamber DIANA. phys. Atom. Nuci.66, 17151718 (2003)

N. Skidmore

16

175

M(K®p), Gev/c?

Events/ 5MeV

b Nev=541
Ik
e ﬂ ‘1 After kinematic cuts
3L F1 L ![‘;[an'ril4v oL lo .

M(K®p), Gev/c?
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Pentaquarks - false starts

Re-analysis of 70’s bubble chamber data where no cuts have been applied do not
show a peak

K*p-K*n*n

960 MeVic K*d-+Kon *p(p) 1365 MeV/c
2 e

—

i o \ 18 0 /. e\ |

s S S 18 \ 1
* SRt 16 3 [ }

S 14 e e " |

o _E y 14 24 » 4 1

s R . z wof |

Band of © = |

12 (1540)° |5 nf \o” |

T v v T ML IARA T e Mg oe—— .}

04 05 06 07 04 06 & 08 02 04 0608 10 12

M;..(GeV)’ M,)* (GeV?)
No indication of enhancement in pK® or nK* distributions around 1540 MeV

1.0 T T N
1.69 GeV/c 1.20 GeVic
12 o 1
%10 %08 1
%08 38 & ¥
£ Kigo2) =06
| ) = :
06
282
04 K ._,)/ K‘p«Kopn‘ 041 K'p-‘Kop’r’ 1
T2 T4 16 18 20 22 24 26 5 e F 08 a6

M?(pz') GeV? M2(pr) GeV?

KTN — KN reactions in Hydrogen and Deuterium bubble chambers. Bland et al.
(1969), Hirata et al. (1971) and Berthon et al. (1973)roG 2005 reviews

N. Skidmore
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Pentaquarks - false starts

Mass peak positions varied between experiments far more than expected for a very
narrow state and experiments with far greater statistics failed to even see the

©+(1540)

LEPS (1)
LEPS (2)
SAPHIR

CLAS(d) -
CLAS(p)

DIANA -

— HERMES

— VD
—_— vBC
NOMAD

cosy

— ZEUS

Ll 1 Ll 1 Il

1520 1530 1540 1550 1560

Mass of the ©*(1540) reported by
various experiments Eur. Phys. J. H 37, 1-31 (2012)

[ J
[ J
o0 ©
e 6 00
o0 000 00
o 000 00
0000 L
2003 2004 2005

existence @ no evidence

Claims of (non-)observations of
©71(1540) over time symmetrymagazine org
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Pentaquarks - false starts

@(1540)+ 2006 PDG I(JP) = 0(??) Status: X

OMITTED FROM SUMMARY TABLE
PENTAQUARK UPDATE
Written February 2006 by G. Trilling (LBNL).

paragraph, there has not been a high-statistics confirmation of

any of the original experiments that claimed to see the ©7F;

there have been two high-statistics repeats from Jefferson Lab

that have clearly shown the original positive claims in those

two cases to be wrong; there have been a number of other high-

statistics experiments, none of which have found any evidence
for the ©F; and all attempts to confirm the two other claimed
pentaquark states have led to negative results. The conclusion
that pentaquarks in general, and the ©F, in particular, do not

exist, appears compelling.

PDG rescinds ©%(1540) 3-star status

And this is how it remained...

N. Skidmore 2
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Pentaquarks in A) — J/wpK~

o LHCb first observed the A2 — J/1pK~ decay in 2011 when performing a
measurement of the A) lifetime
e Dalitz plot of run 1 (3 fb~!) data shows structures in
° mf(,p due to well-known A — A*(— K~ p)J/1) resonances
° mi/wp due to 777

Ay

c o
4
Qesoos Siwv
£
&,

m3, [GeV?]

@ Here a resonance decaying
strongly to J/v¢p has minimal
quark content uudcc

mZ, [GeV?]

PRL 115, 072001 (2015)

Perform full amplitude analysis to determine nature of this structure
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pK~ amplitude analysis

o Consider the two interfering decay channels

A) = JJYpN N — pK™ N — PXK™,PF — J/yp

e Fit 6-dimensional phasespace (mx-, and 5 decay angles) using helicity
formalism

AN = Z A/\g%/\:’d)
n

A, rest frame

T ‘» A rest frame
P rest frame
SN
A,/
lab frame
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N) — J/1pK~ amplitude analysis

o Consider the two interfering decay channels

AN — JJPN N — pK™ N — PTK™, PT — J/vp

o Fit 6-dimensional phasespace (mk-, and 5 decay angles) using helicity
formalism

APe= Z AN PGK

J

A, rest frame
1 rest frame ° - /——‘,‘PR‘"

lab frame
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N) — J/1pK~ amplitude analysis

Add two decay chains coherently (at amplitude level, allowing interference)

A2 = AN + AP

A, rest frame

A rest frame

p rest frame
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N) — J/1pK~ amplitude analysis

Fit using only A2 — J/¥A*, A* — pK~ decay chain
@ 146 free parameters from helicity couplings alone

Cannot reproduce structure in seen in my,y,

— S s, +
T g 2ok o LHCb
- A(1405) =F
A(1690) 1 500 + WH

- A1800)
- A(1810)
A(1820)

A(2385)

27 2.6 . 6 4
My, [GeV] Mo [GeV]

N. Skidmore

46 /62



— J/1¢pK~ amplitude analysis

State JP Mo (MeV)  To (MeV)
A(1405) 1/2- 14051773 50.5£2.0
A(1520) 3/2~ 1519.5+1.0 156=£1.0
A(1600) 1/27F 1600 150
A(1670) 1/2- 1670 35
A(1690)  3/2~ 1690 60
A(1800) 1/2~ 1800 300
A(1810) 1/2* 1810 150
A(1820) 5/2* 1820 80
A(1830) 5/2~ 1830 95
A(1890)  3/2* 1890 100
A(2100)  7/2- 2100 200
A(2110)  5/2* 2110 200
A(2350) 9/2* 2350 150
A(2585) ? ~22585 200
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N) — J/1pK~ amplitude analysis

Add two P} components - P, states describe structure in myyp

220 " P T T
.

. ;@ o +33$f£;y"d s 1 o
<o > < [ RSN e
2 1400) 2 + .

2 1200 © 100 - cos E
Tonf o H soof N 3
] 3] FlE e

8o J \\’.'\q. a ' ——

T, i LHCb ]

200 >, . o ‘S:' & data A(1670)

§ z 2 wf + e na s A ]
= acigrouna -
Pep1e wf e cose, I mham ARG
ot +A(1a05 DA
50 -5-A(1520) ;. A(2100) E
P.(4380)" P (4450)F S A800) o
} f }
Mass 4380 £84+29 44498 +1.7+25 o
Width 205 + 18 + 86 39+5+19 o
JP 3/2— 5/2+
Fit fraction 4.1+05+1.1 8.44+07+42 s
Significance 9 12

(3/27,5/27) and (5/27,3/27) also acceptable
P.(4380)* is BROAD

N. Skidmore 4
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)pK~ amplitude analysis

What about the Argand plots?

@ Represent P. amplitude as 6 points in complex plane with m,, values
equally spaced between Mp, —I'p. < Mp, < Mp_+ I'p, that are to be fit

@ Interpolate between fitted points

0. T T AR LEAAY LALRN AR LARRY LR L T T LRARAN AR RARAS LARRN LAARS L
b Expected for BW I Expected fof BW |
LHCb data for P (4450)" 3 LHCb data for P (4380)
0.05F : 3 i
7 A 5 S 3
0.051— —
@ P,(4450)
< oif 3
E
-0.15 -
0.2~ 3
0.25~ i
o3 {LHCb  F : E
-0.3! 1 1 1 1 1§ 1 | 1 ] 1 1 | | 1 | 1 L

-0.35 -0.3 -0.25 -0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2 025 03 035
Re A% Re A%

PRL 115, 072001 (2015)

Despite visual agreement very large statistical errors exist - not conclusive
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N, — J/9pK~ model independent approach

In the model-dependent analysis above had to make a lot of assumptions

@ A* spectroscopy is complex - many more higher mass excitations predicted
that have not been found experimentally and we dont know how to properly
model them

@ Want a model-independent method that makes no assumptions about how
many A* states exist and their parameterisation

@ In a moments analysis exotic resonances contribute at orders greater than
that of conventional states

@ Test hypothesis that data can be described by only A* - Hy. Use moments
with rank achievable with conventional states only
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— J/1¢¥pK~ model independent approach

@ Alternative hypothesis H; where rank of moments is allowed to be large
enough to reproduce possible pentaquark structures

% 1000 H Conventional states only hypothesis
= i’ . Exotic contributions hypothesis

8 L

< 800

=

2

=

& o
8 8
Rl L L L L BB LA |

g

1 1 1 1 1
4.2 4.4 4.6 4.8

=)

5
My [GeV]

PRL 117, 082002 (2016)

Ho hypothesis, H; hypothesis
@ Hp rejected at more than 9o
@ Cannot rule out that this is due to rescattering effects of ordinary hadrons
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N) — J/ibpK~ - 1D analysis

In Run 1: o
@ Model dependent analysis showed exotics in 7 Q e
A — J/ypK™ decays %m o ;W‘,\
@ Exotic contributions near 4450 MeV supported 32 gv"’f i) "

by MI analysis > 9o

What about run 2 data...

Nine-fold increase in statistics for 2019 analysis! Structure at 4312 MeV evident and
P.(4450)" resolved into 2 narrower structures

s F E
B1000f LHeh 2300  LHCb 300 |
o~ [ o F
= F = r 250]
8 800 Run 1+ Run 2 é 250 \
= F o 200) l ﬂ I
3 r g 200) H
& 600 S |
b [&] F 150f
ot 150 } ¥ !
00k 100: 43 435 44 445
F my,>1.9 GeV
200F- 50} Removing 80% of A*
h contributions

E 1 1 1 1
¥ S YR Y R R R ¥ R ¥ ¥ E
M5 [GOV] M5 [GEV]
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» — J/©¥pK™ - 1D analysis

New structures narrow enough (cannot be reflections) to use 1D mass fit with BW
amplitudes to begin to analyse nature (amplitude analysis ongoing).

Weighted candidates/(2 MeV)

H P (4440)"
P(4312)" (4440)

ZIAN et a /i e
4800 4250 4300 4350 4400 4450 4500 4550 4600

-7.30 for new P.(4312)

-5.4¢0 for 2-peak structure
rather than single peak at
4450 MeV

-Fits with/without a broad P.
both describe data well-full
amplitude analysis required
with comprehensive
understanding of dominant
AN* — pK™ spectrum

e [MeV]

State | M[MeV ] | T[Me] (95% CL)
Pc(4312)F | 4311.9£07758 [ 9.8+27737  (<27)
Pc(4440)* | 44403 +1.37%1 | 206 £4.978/, (< 49)
Pc(4457)* | 4457.3£0.67%1 | 6.4 +2.073) (< 20)
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The LHCb Pentaquarks

LHCb has used three methods to conclude there are exotics in A) — J/9pK ...

E 1000~ M Conventional states only hypothesis s
: §1  Eotecontbuons hypothesis 2 1209
< s0o0f ¢ LHCb g
S 800 g
El 1000
£ F 3
600 §
F 3 800)
400f— g 600
F =
ol 400f#
_U()_ i P(4440)° (P,
F PJa312)
r 200 ¥
L L L s
r 32 [ 76 a8 H
iy, 1GeV]

42604250 4300 4350 4400 4450 4500 4550 4600
m, ., (MeV]

2016 model independent analysis 2019 fit to 1D invariant mass distributions

axEy s ;
2000
ol ¢+ (@ LHCb 700} (b) ;. LHCb
.
< 1oof < oo 4
2 oo
 1200f
Tk s
5 ool \'
H .
oo g
ol
b -\')-:'I'—“
(. 3 L
My, (GeV) My, (GeV)

2015 full amplitude analysis

How to interpret these... some ideas...
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The LHCb Pentaquarks

Re-scattering effects - triangle diagrams

h =Dy (4)
o

o P.(4457) peaks at A (2595)D° threshold - D1 (2860) excited strange hadron
suitable candidate to be exchanged in triangle

@ Purely kinematical effect - P. not a resonant state
@ Some investigations into this in PRL122, 222001 (2019)
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The LHCb Pentaquarks

Molecular Model - bound state of baryon and meson

2’ D
C

o Three P, states very close to ¥..D thresholds but crucially below
@ Molecular models can predict multiplet of states eg. 7 bound states, three of
which correspond to the observed P, states

P.(4312) | P-(4440) | P.(4457)

YIDO | TFD* | ¥iD+0
1/2- 1/2- 3/2-

Molecular + HQSS model. amiv:1904.01206
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The LHCb Pentaquarks

Compact di-quark model

Tri-quark + light di-quark = colour singlet pentaquark
P.(4312) | P.(4440) | P.(4457)

Cleuls=1[ud]s—o; Lp = 0 | C[cu]s=1[ud]s—0; Lp =1 | C[cu]s=1[ud]s—o; Lp =1
3/2~ 3/2F 5/2%

arxiv:1904.00446

Predicted JP of P.(4312) for this model disagrees with all molecular models
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Look for the P, states in other production mechanisms
@ JLAB can search for P, states in J/v¢ photoproduction

@ Observation of the P, states here would exclude the P, being a result of
kinematical effects such as triangle singularities

See JLAB talk for more experimental details

N. Skidmore 59 /62


http://nstar2017.physics.sc.edu/talks/D23.pdf

Production

Presented at Hadron 2019

P @ GlueX: Search for P. states

PRL 123, 072001 (2019): Editor’s Suggestion!

No evidence of Pc states!

2 o~

\g Eo QLU A S ~#=1 *+ Model-dependent upper limits
? T at 90% CL (assuming JP=3/2-):
e 1T - Br(P(4312) — Jy p) < 4.6%
5 1 « Br(P(4440) - Jip p) < 2.3%

——cTT « Br(P«(4457) = J/y p) <3.8%

—a— SLAC [ULs scale as (2J+1)]
—#— Gornell

-------- JPAC Pi(4312) 3/2 BR=2.9% || * Disfavors hadrocharmonium
JPAC F';(4440) 3/2 BR=1.6%

BYRSY 1165 SO0 WU VO RO B PG Pi(4457) 572 BR=2.7% and some molecularl models.
Pc’s could preferentially couple
8 & 10 E, Gev 20 to other channels?

* Need consistent picture with
PAC Ay decays.
._L\&/ AN. Hiller Blin, et al., PRD 94, 034002 (2016).

J/p Phot uction and Search for LHCb P+

N. Skidmore 2



Decays to other final states

Look for the P, states in other final states

@ Multitude of possible channels in which P, states could be observed with
models of the P, states predicting their couplings

@ Some models predict higher couplings of the P, states to /\gLD(*)O in the
decay /\?7 — /\jD(*)OK’ than the discovery channel

@ Use these channels to discriminate between models of P,

(Z}K

W
z

b c Pt — AF DO
AN u > u
d > d
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Search for other members of the multiplet

Look for the rest of the P, multiplet
@ Each model yields a different multiplet of states
@ Potential neutral isospin partners (cCudd) of P.?
@ The obvious P, — J/1n channel is not reconstructible at LHCb

o Use A — AYD~K*0 channel where P, — A} D~ to search for neutral P,
state
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