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Observation of J/yp
- Resonances Consistent
with Pentaquark States
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Brief history ovérwew |

LHCb detector

= Event selection

Results
= AnHelicity amplitude model to describe the data
= Fit results_i. | |

= Systematic uncertainties




A Long History
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A simpler and more elegant scheme can be
constructed if we allow non-integral values for the
charges. We can dispense entirely with the basic
baryon b if we assign to the triplet t the following
properties: spin }, 2z = -}, and Baryon numbert',.
We then refer to the members ui, d-3, and 8~3 of
the triplet as "quarks" 6) g and the members of the

g apti-quarks 4. Baryons can now be R i
constructed {rory quarks by using the combinations denctes an antieace, Uimilarly, mesons could be foroed from AL, AMA
(@qq), (aqqqq)] etc., while mesons are made out etc, For the iov mase zeoons and baryons we will acoume the sioplest
of (qd), (gqqq),] etc. It is assuming that the lowest possibilition, AA and AAA, that iz, “deuces and treys®,

VAR gtion (gqq) gives just the represen-

dn gemaral, wo would expect Shat baryoms are built not only from the product

of three soes, AM, btut slsc from AAMAA, AAMAA, eteo,, xbere A

tations 1, 8, and 10 that have been observed, while




The ©(1540)* Case

= Observed by a Japanese collaboration in
2002 ’

- Inyd -> K+ K- p(n), in the invariant mass of Kp
~and Kn

= Several other claims

Experiment Reaction Mass (GeV) Significance

LEPS [g] yC —- KTK-X  1.5440.01 4.60
DIANA (9] K+tXe — KIpX 1.539+£0.002 4.40

CLAS [l()] vyd - KTK~pn 1.54240.005 (5.2+0.6)0

SAPHIR [11] ~p— K2K*™n  1.54040.004 4.80
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The 0(1540)* Case

e —————

= Observed by a Japanese collaboration in

2002

- Inyd -> K+ K- p(n), in the invariant mass of Kp

—and Kn

= Several other claims

Mass (GeV)
1.5440.01
1.5394-0.002
1.54240.005
1.54040.004

Reaction
vC — KTK—X
KtXe— KIpX

Experiment

LEPS [g]
DIANA 9]
CLAS [10]

SAPHIR [11]

vyd — K™K pn
vp — KPK*n
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Significance
4.60
440

(5.240.6)0
4.80

arXiv =1412.7317

¢+ HERMES(200R-2007) ¢ “+H— (p+K2)+X

1.6 165 17
.\'l(pKZ) [GeV]



The ©(1540)* Case

From PDG review of 2006 (http://pdg.lbl.gov/2006/reviews/theta_big2.pdf)

for the ©T; and all attempts to confirm the two other claimed
pentaquark states have led to negative results. The conclusion
that pentaquarks in general, and the ©™, in particular, do not

exist, appears compelling.




The LHC Era

“Take a look at this everyone -~ it just could
be the signature we've been looking for!”




Observation in A, -> J/UpK-

Events/(15 MeV

Based on 3 fb* data




Detector

— = ===

Visualization of a pentaquark event

[ Vertex Locator

: —
Fvent 251784647 Vierbex Locator

Vertex locator ' Muon counter R 165013
' Thu, 09 Aug 2012 055358 Ay
RICH (Ring Imaging decay point
Cherenkov Counter) | Ap R
! \ o —
> y - | ’i e i _
Pseudorapidity acceptance-2< n<g | PP

collision point




Event Selection

S —

= >
- p;> 550 MeV/c
- -48MeV/c2<M ,, — My, <43 MeV/c2
— Separated vertex from primary vertex (PV)

= K/p selection
— Vertex fit compatible with J/y
- p;> 250 MeV/c |
— Proton does not point to PV

n /\b
- Flight distance > 1.5 mm

— Direction between PV and decay vertex matches
the Ay momentum

Ref: Nathan Jurik PhD dissertation
(U-Syracuse)

10 B°/B.° veto and Boosted Decision Tree to reject the background
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Results

Dalitz plot
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Results

Dalitz plot
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Results

Dalitz plot
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Results

Dalitz plot: projections

—=— data

—— phase space

Can they both be described as A, -> A™J/?
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Ref: J.D. Richman, CALT-68-1148 (for experimentalist)

Helicity Amplitude Model

o, i ——— = — — — - e = S

= Multi-body final states have complex decay dynamics

= Partial wave analysis is a powerful tool to describe the data

General description of a rotation
lom = E Dy, (e, B, )|, m/ o e

Hf:)ivc D,\A (CDB (9/1, 0) * RA(Tn-BC) For A -> BC (helicity formalism)
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Ref: J.D. Richman, CALT-68-1148 (for experimentalist)

Helicity Amplitude Model

o, i ——— = — — — - e = S

= Multi-body final states have complex decay dynamics

= Partial wave analysis is a powerful tool to describe the data

J A A ] General description of a rotation
m,m/ (("1"? 'd? / ) | J m- > from state J,mtoJ',m’

For A -> BC (helicity formalism)
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Helicity Amplitude Model

A, -> N*JJY amplitude

1/2 _ _
A//\* ,/\A* —)‘\Il (0, 9/\87 ())*

146 free-parameter fit considering all the known A* states
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Results of the Extended Fit

e ————— ———

Considering 14 possible A* resonances

—a— data
—eo— total fit
background
--u-- A(1405)
--{3-- A(1520)
A(1600)
A(1670)
------- A(1690)
---- A(1800)
---3-- A(1810)
--—#-- A(1820)
A(1830)

-~ A(1890)
- A(2100)
2=+ A(2110)
------- A(2350)
-4--- A(2385)

Fit does not match the data -> Add new components to the fit
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P. Helicity Decay Amplitude

Ay -> P.K-amplitude

MP

A() )

Reduced fit for A* (64 free parameters) + P_ components
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Results of the Reduced Fit

e ——— —

Higher mass A" states excluded from the fit -

V)

e
o
o
=1

—a— data

—a— total fit
background

s P (4450)

—u— P (4380)

\l
o
(=]

=
{9}
-—
=
[72]
R aad
c
()
>
L

A(1830)
A(1890)
>~ A(2100)
-~ A(2110)

Two more new states are necessary to fit the data!
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Best Fit Results

= Two states:

P.(4380)":
"~ Mass = 4380 + 8 MeV
Width = 205 + 18 MeV
Fit fraction = (4.1 £ 0.5)%
JP=3/2"

P (4450)":
Mass = 4449.8 £ 1.7 MeV
Width = 205 + 18 MeV
Fit fraction = (8.4 + 0.7)%
R Lok

e
®
o
S

LHCDb

—a— data
—eo— total fit

wr gy

N
o
(=]

Events/(15 MeV

#"* P (4450)* M‘“

But also JP = (3/2%, 5/2°) and JP = (5/2%, 3/2") afe possible



Argand Plot

= Test of the resonant nature of the P_ candidates

Relativistic Breit-
Wigner divided
into 6 complex
~ amplitudes

!

12 parameters

| Expected Breit-Wigner
+ data

-0.3
03535 03 -0.25 0.2 -0.15 -01 005 0 005 01 0.15 -01 -0.05 0 005 01 015 02 025 03 035
Re A% Re Af

' Argand diagrams of two pentaquark states.
19 P.(4450) (5/2+) is good, P.(4380) (3/2-) has 2 sigma difference for one bin.



20

Systematic Uncertainties

Source M, (MeV) T, (MeV)
high

Extended vs. reduced
A" masses & widths
Proton ID

, < 100 GeV
Non-resonant

€y Ay, — PZ (low/high)K ™
6. PS (Low/high) — Jfibp
Oy A" — JPA”

Change A*(1405) coupling
Overall

Wl o d

sFit/cFit cross check
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Final Remarks

>, X ' V— i S = i ———— = -— = - =

= LHCb found two resonance states decaying into J/yp compatible with
pentaquark structures

— Higher mass state: P (4450)* with mass = (4449.8 + 1.7 + 2.5) MeV and
~width = (39 £ 5 £ 19) MeV with a significance of 12 standard deviations

— Lower mass state: P_(4380) with mass = (4380 + 8 + 29) MeV and
width = (205 + 18 + 86) MeV with a significance of g standard deviations

. Hélicity amplitude analysis points towards a'(3/2, 5/2) spin assignment,
with opposite parity

= Several models are proposed to explain the structure (hadro-
charmonium, molecular state, meson-baryon bound state)

— Data are not yet conclusive and more studies are needed






Additional contents
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Why no light multiquarks state? A
possible explanation

= In heavy quarkonlum region, several multiquark, i.e. XYZ states, were
observed

- No counterpart with low quark masses (u,d,s)

= Some theorist argue that heavy quark plays |mportant role in binding
the structure together |

THE EUROPEAN
PHYSICAL JOURNAL C

Eur, Py, 1. C (2014) 74:319%
DOI 10,1 140¢epjefs 10052-014-3198.3

= For areference:

Regular Article - Theoretical Physics

A possible global group structure for exotic states

Xue-Qian Li'*, Xiang Lin’ !

Abstract Based on the fact that the long expected pen-

taquark which possesses the exotic quantum numbers of

B = 1 and § = | was not experimentally found, although

exotic states of XY Z have been observed recently, we con-
s

jecture that the heavy flavors may play an important role in
stabilizing the hadronic structures beyond the traditional gg

and gqq com)silcx.

G = SU.(3) x SUK(2) x SUL(3),

where the subscripts ¢, H, and L refer to color, heavy, and
light, respectively. The SUp (3) corresponds to the regular
quark model for the light quarks «, d, s and the newly intro-
duced SUy(2) involves ¢ and b quarks (antiquarks). This
idea is inspired by the heavy quark cffective theory (HQET)
[27,28).




Detector details

-5 5.8

Vertex Locator — Silicon Strip Detector.

RICH1/RICH2 — Ring imaging cherenkov detectors.
TT/Magnet/T1/T2/T3 — Tracking.

Ecal/HCAL — Calorimeters
M1-M5 — Muon detection.




Event selection -

further details

Selection variables
All tracks x?%/ ndf
Muon PID
pr of muon
) /1y vertex x?

J /1y X%/ ndf DLS
) /@ mass window
pr of hadron
Hadron X7
K~ 1D
pID

Clone track rgection on hadron

pK ~ vertex
NS X
A} vertex x?/ ndf
A fight distance
A} pointing

R equirements
<4
DLL(p=m) >0
> 550 MeV
<16
>3
=48 < m(UuT) = m()/y) <43 MeV
> 250 MeV
>9
DLL(K —=m) >0and DLL(p—K ) <3
DLL(p=m)>10and DLL(p—K) >3
Ghost probability < 0.2
DOCA x? < 16
<25
< 10
> 15 mm
DIRA> 0.999

Reference: Nathan Jurik pentaquark dissertation.




(Gradient Boosted decision tree)

mmPIDmu — is the log of the likelihood ratio of the pion and the muon hypotheses
pmipCHI2 — The minimum of X, *

Cos of the angle between the direction of the PV to decay vertex and the A%,
momentum

BCHI2 - X;,"(A\°)

FD - Flight distance of the A°,

BPT — p, of the A°,

BIPCHI2 - X ., 2(A\°)

SumPT — Sum of the K and proton p,

BTDG Response— The output variable from the BDST — Cut at 0.9




BTDG‘(Gradiént Boosted decision tree)
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From 1 to 8 The BDST Input Variables. 9 The BSDST output variable.
Reference: Nathan Jurik pentaquark dissertation.




0(1540)+ searches
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A summary of early experiments searching for the 81 presented without
fitted curves.




Helicity amplitudes - more info

o, i ——— = — ————— s — S

| Jom = ZDmm a, B,7)|J,m >

D! (o, B,7)* =< J,m|D(R(a, B,7))|J,m’ >*= e™*q’

m m m 771,

(d) im/’y



Helicity amplitudes - more info

LB w DA, 2o (65,04, 0) * Ra(mic)

L\
_ AQ Ly
Rx(m) = B,x (p, po, d) (‘j’ ) B\\’(mM[(,_\-.I‘.—,_\—)B}‘\_(q.q(,,d)(q ) .
‘(b) 1 _12 = ‘.\‘[0‘\.

‘ A
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Helicity amplitude - more info - A* angles

P rest f rame

lab frame




Helicity amplitude - more info - Pc angles

P rest frame

<5
>

) ‘ )
' D  _«3
G =TT P. rest fra

lab frame




A* parametrization

Masses. widths were State JP Mgy (MeV) My (MeV) # Reduced # Extended
/ - 1.3
A(1405 1/2 1405.1 50.5 4 2.0 3 4
taken fronEs S /\21520; 3;2— 1519.5 :1:11.00 15:.6:1.0
fixed in the f,'t A(1600) 1/2F 1600 150
: | ' A(1670) 1/2™ 1670 35
EachA*:J=1/2 (>1/2) A(1690)  3/2 1690 60

has 4(6) coupling A(1800)  1/27 1800
A(1810) 1/2t 1810
: A(1820) 5/21 1820
A(1830) 5/2 1830
A(1890) 3/2t 1890
A(2100)  7/2° 2100
A(2110) 5/2" 2110
A(2350) 9/2t 2350
A(2585) ? ~/2585

OO0 = = W = Wa 0w w,m
DD OO AP~ A



A* parametrization

In order to reduce the
number of free
parameter, it was
considered that -
Higher mass state
with high L are most
likely not in the data

State
A(1405)

A(1520)
A(1600)
A(1670)
A(1690)

A(1800)
A(1810)
A(1820)
A(1830)
A(1890)
A(2100)
A(2110)
A(2350)
A(2585)

JP Mgy (MeV)

= F1.3
1/2 1405.17 53

327 1519.5 + 1.0
1/2+F 1600
1/2~ 1670
3/27 1690
1/2— 1800
1/2t 1810
5/21 1820
5/2 1830
3/2t 1890
7/2= 2100
5/27T 2110
9/2F 2350
? ~2585

My (MeV)

50.5 4+ 2.0

15.6=::1:0
150

35
60

# Reduced
3

O 0 = =~ Wk = WS O WWwWO,m

# Extended
4

D00 OO0 OO OO0 A O P~ 2O

In light blue the parameters for the reduced fit



1 P_ state fit result

data
total fit
background
Pe
-- A(1405)
A(1520)
A(1600)
A(1670)
A(1690)
A(1800)
A(1810)
A(1820)
A(1830)
A(1890)
A(2100)
Ac-- A(2110)
«-- A(2350)
- A(2385)

Events/(15 MeV)
g 8 8§

o
o
(=

e ¢ T 2.6
my, [GeV]

Figure 13: Results of the fit with one J© = 5/2% P candidate. (a) Projection of the invariant
mass of K~p combinations from A} — J/i) K~p candidates. The data are shown as (black)
squares with error bars, while the (red) circles show the results of the fit; (b) the corresponding
J/ib p mass projection. The (blue) shaded plot shows the P." projection, the other curves represent
individual A* states.

Higher number (>=3) of P_ states does not improve the quality of fit




Other lineshape from the fit

-@- total fit

A(1870)

- . A(1890)

— background -

e P,(4450)
<> P,(4380)
-#-A(1405)
~c5- A(1520)

A(1600)

A (1800)

-A(1810)

A(1820)
A(18320)

- A(1200)

-

A(2100)
A(2110)




Efficiency and acceptance

(a) efficiency . T— (b) background

LHCb | . LHCb

5 5

6 . b 2
mK‘,2 [GeV] prz [GeV7]

Figure: Parametrized signal efficiency (a) and background density
(b) on the Dalitz plane.




Dalitz plot

2
(m‘_):{ )max =




Argand plot

]
8

BW (m| Mo, To) =

or |A"| 2 [arbltrar‘;]

r

M2 —m? —iMyT(m)’

20
00
80

phase [deg]

;N 2L +1 M,
FHH] —PD( —B‘r_ “.j do, (,” .

. g [=:]
[=]

Expected phase motion of a resonance which follows a Breit-
Wigner line shape with My=4449.8MeV and Il,=3g9MeV.

e Breit-Wigner represents the expected behavior of a true resonance.

~* Circle can be rotated by arbitrary phase.



Argand plot = theoretical approach

S — = = = — ————— s — — S

The non-relativistic Breit-Wigner

Real and imaginary part

Equation of a circle
with center (o, I'./2l)
and radius I" /2T,




