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> Introduction
> Pentaquarks observed IN /1,, - J /1[)pK decays
“. + Full amplitude anglysis -
< Model independent analysis SRy
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Why pentaqUéka? | |
iR | . &

> P055|ble eX|stence of pentaquarks " Normal Hadr_éns ..
was proposed by Gell-Mannand . . qq qqq..
Zweig at the birth of quark model ~ ~ W

> Study of the nature of.pentaquarks 2 P

- could fertilize our understanding of

> Many searches in the past 50 years,
- but no ‘convincing experlmental'

" evidence '

Meson Baryon

~ Exotic hadrons -
'q999 °  qqqqq -

)

Tetraquark Pentaquark
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.. ‘Impact parameter:

: d,p =20 um’ |
" Proper time:. : = 45 fs for B — J /¢ or Dfm
Momentum: - Ap/p =04~ 0.6% (5-100 GeV/c)
\E . . 0, = 8 MeV/c? for B - J/PX (constramted mJ/lp)
RICHK — 7 separatlon €(K - K) ~95% mis-IDe(r - K) ~ 5%
Muon ID: - ,  e(u->n) ~97% mis-ID e(r — ,u) ~ 11— 3%

ECAL: . ¢ AE[E=11 @TO%/\/E(GGV . ' 5- |



| "'Eveht, diéplé.y bf A}

.—'>._]'/ tppK % decay |

D‘“Vertex Locator

» d
ngglg ] . . S
1 HED N » Two RICH detectors
o p/‘&%ﬂ | -allowforgood
Thu, 09 Aug 2012 05:53:58 ) ‘r” % ‘ . s 2 =
AR AR, identification of

proton and kaon

o T i SR
Event 251784647 Vertex Locator , >Prl-ma_ry‘ Vertex and
Run 125013 * decay vertex well
Thu, 09 Aug 2012 05:53:58 ﬂ'b 3N : '
A reconstructed and
Ay decay FGTE__.__-—— s

. | N
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AO —>]/l[)pK and event selectlon

' > F|rst observed by LHCb as a
potential background for

BY - J/YK*K~ .
i Large signal yleld found used for

AO I|fet|me measurement
- (PRL 111, 102003)

inmary vertex

LHCb RUN | ~=- data

ks : - -1 — total fit
SR - " 1 FET < = 3 fb — signal
'Event selection: oL background
- Nsig =26,007
» Standard preselectlon LS
in signal range -
> Followed by selection with Gradlent A? signal range

.~ .« Boosted Decision Tree (BDTG)
- » By > J/YWKYK~and B° - J/YK*n~
reflectlons vetoed,Where K and T~
_ are m|5|dent|f|ed as p :

sideband

PRL 115 (2015) 072001 § 5.4% background in £2c



;E_xpect.ed. rich structu'r'e':s' in m(K p.)'_.'. °

: S PRL 115 (2015) 072001 g

Events/(20 MeV) BB

— data

— phase space

ll > Many A* resonances as expected



U_nexpect.éd structures in m(]/tpp) :

: S PRL 115 (2015) 072001 g

Events/(15 MeV)

- e

> Reflection from A), — J/WA*?

» Or structure of | /Yp?
M > Careful checks needed

: -



P ”Dalltz plot” 2o

.' A(1520) - pK~ BN PRL 115 (205) 072001

oA structures dominate Iow mf(p region, interferences

unI|ker generate the horizontal.band at high pr reglon 10'



Is the peak due to artlfacts"?

: . . N Total Efﬂcrency !
>"I\/Iany checks:done PRL 115 (2015) 072001 [

e Reflections of B? - J/pEEK ™
~and B® - J/YK*n~ are vetoed
. EfflClency doesn’t make narrow
peak = .
; | + Clones & ghost tra.cks"el-imihated |

» Z, decays checked as a source

To confirm that the peak is NOT"a reflection of ihterfering AVs— pK~,,
“a full amplltude analysis is performed usrng all known A" resonances.

* to maximizeé svsrtrvrty to the decay dynamlcs :
* to avoid brases due to averaging-over some dlmen5|ons
= in presence of the non- unlforr.n detector efﬂcrency |

11



Amplltude analy5|s of A0 - ]/II)pK_

- AIIows for A* - pK~ resonances to mte.r.tere witH pentaquark
states PJr —>]/1/Jp .

A, rest frame

AN

_ A% — ] /¢_A* e -
| : &> pK = B\ rest fraume )

0

A9 > PrK-
e J/Yp

‘Dﬁ

B Independent variables:

. = il | ) id ;
"~ Prest frame \V

[LAB frame

1 mass (m,k-) and 5
angles = 6D fit




.~ A" resonances =~ - - -
> Each A" resonance: ]-— - (> —) has 4 ( 6) complex heI|C|ty coupllngs

> Masses and widths flxed to PDG values = | T
f. Uncertalntles are conS|dered ajsystematlcs

> Two models: ¢ ‘reduced” and extended” to test dependence of the.
A* model | |

-

Cltate J? My, (MeV) Iy (MeV) # Reduced # Extended
1405.1578  50.5 £2.0 : /

;u 20 ; 15195+ 1.0 156+ 1.0

A(1600) 1600 150

A(1670) 1/ 1670 35

A(1690 b;; 1690 60

A(1800) 1/2 1800 300

. A(1810) 1/2 1810 150
A(1820° ',, 1820 80
A( ﬂfj ' 1830 95
A(1890, *; 1890 100

2100 200
(2110) 5/ 2110 200

. I : 2350 /2 ‘.‘J:‘;fflf} 150

1(2585) 7 258 200




F|t W|thout PJr .' | e

> m(pK ) Iooks flne but not m(]/t/Jp) * . |
» Other possibilities: e e e
Al (=1 . |

. twonew A" 'with free m&r
e 4 non-resonant A* with ]P =

> Stlllfallto descrlbe the data AR R PR 115 (2015) 072001 @

—e— total fit
background
--p-- A(1405)




F|t results with P states “

73 Two P. states: P (4450)+ clgle P‘E4380)+’

>Best flt has J = (3/2,,5/2%)
. = (3/2+ 5/2 )& (5/2+ 32" )also preferred:
: B PRL 115 (2015) 072001

—a— data

—e— total fit
background

—— P.(4450)

—=—> P,(4300)

--of-- A(1405)
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=== 1’\(1690
-- A(1800
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A(1830
A(1890

-~ A(2100
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)

)
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F|t results with P states e

| P.(4380)* 4380829 205118186 Yo 8.4i0.7i4.2
P.(4450)* 4449.8+1.7%x2.5 39x5x19 12 0 4.1+-0.5x1.1
A(1405) 15+1+6
A(1520) 19+1+4

Using B(AS — J/YpK ™), the branching fractions are:

For P.(4380)",
13(1\0 > PYK™)B(P{ - J/yp) = (2.66 + 0.22 + 1.33%733) x 107

For P.(4450)",
B(Ab P}K™)B(P{ - J/y¥p) = (1.30 £ 0.16 + 0.35%9%3) x 107>

Chin. Phys. C40 (2016) 011001 I3 4'




Angular distributions

4~BC+ enriched region

Full data sample

R

; - data
-@- total fit il + -®- total fit
— background f — background "¢
-8 P,(4450) "~ : ‘ == P (4450)
<= P,(4380) ; = P(4380)
~+-A(1405) e -#-A(1405) .
-6-A(1520) .. \ -53-A(1520) 4. A(2100
A(1600)  -a. Eox- et e e S W P A(1800) -4 A(2110

e T R L

» Good fits to the data in all 6 dfmensions. 17"




No need for exotic J /P K~ contributions

> J/YK system is well

(b) pK €

described by the A*and [ ’ | [1.55,1.7] Ge 1@
P, reflections = s ﬁ

P

(c)

[1.7, 2.0] GevW

o= data

=@~ total fit -3 ‘“.1 62 'f'_'f

=== hackground ~7- "::‘q :'1' :: )
y iaacq  -Er- A(1810)

== P(d450) L1820y

- P.(4300) L)

A5 A(1830)

. -#- A(1405) - A(1890)

. 7 ' } -£3- A(1520) - A(2100)
y v - ey o R} A(1600) - A(2110)

my,x [GeV]

3 PRL 115 (2015) 072001



Addltlonal Cross- checks

' Many addltlonal cross checks w.ere done such as

»Two. mdependently coded fltters using dlfferent |
background subtractlons (sFit & cFlt) '

B Split data show con5|stency
% 2011/2012 e
_ " Magnetic polarities (Up/Down)
sl ‘
» Ap(Tow pr)/Aj, (high PT)
>Var|ed selection
' > BO and BO re”ectlons modelled in the fit mstead of veto -



- ‘Argand diagrams =~ -~ -
> Exotic hadron amplitudes for 6 m)/,pp_ bins nearsthe pe_°ak |
~_mass, while all other model parametem'itted simultaneously
> Pc(44'.50) s A o ' | '

: A Good evidence for the resonant cha_racte.r'
- > P.(4380)"

* Uncertainties too large t8 be conclusive

.................................................................

Breit-Wigner expectation

P.(4450) L )
P,(4380) Fitted values

PRL 115 (2015) 072001
-O':-;S.SS -0.3 -0.26 -0.2 -0.15 0.1 -0.05 O 0.05 0.1 015 -01 005 0 005 01 015 0.2 025 0.3 0.35 %

P R : 4
Re A Re A , 20



§ 'Model.independén’t:analysis

arXiv:1604.05708

- » Model indebendént proof is espeéially important"for-_”
| the A}, = J/YypK~ data, due to the“difficulties. in |
construction of a comp.lete of A” states
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; St‘udiési'n AO =] /1[)'ph"de'cays;'

> More than a factor of 10 lower signal sfahstlcs in AO - ]/tppn
thanin A) = J /ypK ™ ( (Cabibbo- favored)

> Relatively background fraction hlgher by more than a.-factor of 3

LHCb —=- data
— total fit
— signal

Nsig =26,007 background

0 _
~5.4% bkg Ap = J/¥pK

L0 -
A, signal range

sideband

LHCb-PAPER-2016-015
(in preparation) |

& PRL 115 (2015) 072001



E)'(o;tic' hadron c,ohtributidns 'td. A‘,’, -] /1/Jp_11"

> Test P,  (4380)F and P.(4450)" (— ]/1/)p) observed by LHCb
‘ on - J/¥pK~ F ' N
> Test 7, (4200)+ —>]/1/m obseryed by BeIIe in BY ——>]/1/m+K‘

(not present in
Cabibbo favored
:ase}




Amplltude f|ts to AO - ]/tppn

> Slgnlflcance of P (4380)Jr
P.(4450)*, Z (4200)_
“taken together is3.1co

L
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T T

o
s
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— b
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> Evidence for exotlc_h.adron
- contributions to A} —
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LHCb-PAPER-2016-015
(in preparation)




. Fit results for A?, - J/Yypr— .-
"> Significance of % (4’386)+ P.(4450)", Zy@ZOO)"’taken tdééther
SEisiS] o (mcludmg systematic uncertamty)-) evidence for exot|Cs
e Ind|V|duaI exotic hadron contfibutions are not 5|gn|f|cant .

» If assume Z (4200) contrlbutlon negllglble S|gn|f|cance of P+
5 states mcreases to3.30° .

Z.(4200)~ 7.7+ 28%3% —

P.(4380)* 5.1+ 1.5%%1 0.050 + 0.01679:922 4+ 0.025
P.(4450)* 1. 6+32+3g 0.033%0:015 +3-333 + 0.025

‘Expected if the addltlonal internal W emission dlagram negllglble O 07~0.08
- "[H.-Y Cheng and C.-K Chua, PRD92 (2015) 096009 ]

The results are con5|stent with those obtamed from .'

- the AO —>]/t[)pK decay EF .
. 25



S.un'\,m'ary and .o'u:tloo'k |

.

e Two resonance states, P (4380)+and"P" (4450)+ decaymg

to J /¥p have been observed by LHCb in a fuII amplltude
analysis of A} — J /Y pK"decays ' ‘

> Model independent analysis conflrmed the nece55|ty of ;
exotic hadron contributions | '

| 5 Amplitude in the Cablbbo suppressed A —>]/1I1pn decay T

~ shows evidence of exotic hadron contrlbutlons , consistent
with the results inA) — J/YpK~ decays . '

,> Nature-of the P/} states not clear: Ioosely bound tlghtly-
** bound, hybrid? . , -

-
B

> We look forwagd to establishing the -strueture_ of many other .

“states or dt_her_decay’moples.usi.ng RUN 2 data

-






