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Introduction

INTRODUCTION: EXOTICS
e Tetra/pentaquarks were predicted by Gell-Mann/Zweig in 1964

A SCHEMATIC MODEL OF BARYONS AND MESONS *

M.GELL-MANN
California Institute of Technology, Pasadena, California

Received 4 January 1964
We then refer to the members ui, d-7, and s-3 of

the triplet as "quarks" 6) g and the members of the

anti-triplet as anti-guarks §. Baryons can now be
ed {ram quarks by using the combinations

(qqq‘J, {qaqqq)| etc., while mesons are made out
of {(qd), (qqqq)) etc. It is assuming that the lowest

@ Yet, only a handful seen, only in the heavy-quark sector.

e LHCb: first dedicated b/c-physics detector at a hadron collider.
Excellent vertexing and PID. B : Ag i Bs ~4:2:1 within

acceptance.
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Introduction

THE CHARMONIA XYZ STATES AND EXOTICS
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@ Exotics revolution in mesonic sector
since Belle discovery of X(3872) in
2003.

@ Several XYZ states @ BESIII,

Belle/BaBar, CDF/DO0, LHCb/CMS.

@ No clear organising principle yet.
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THE CHARMONIA XYZ STATES AND EXOTICS
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@ Exotics revolution in mesonic sector
since Belle discovery of X(3872) in
2003.

@ Several XYZ states @ BESIII,
Belle/BaBar, CDF /D0, LHCb/CMS.

@ No clear organising principle yet.

_ qgq-gluon“hybrid”
DO - D “molecule”
@ Baryonic sector: LHCb discovery of two
pentaquarks in 2015.
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SOME SELECTED RESULTS @ LHCB

Pentaquarks in Ag — J/Y pK: “model-independent” evidence NEW!

Pentaquark evidence in /1% — Jhp pm NEW!

Exotic structures in BT — X(— J/p ¢)KT NEW!

e LHCb non-confirmation of DO tetraquark X(5568)" — Bsr™
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Model-independent pentaquark evidence in A\?’ — J/p pK

PENTAQUARKS IN /110) — J/¢ pKi PRL 115, 072001

@ 2015: LHCb discovers two pentaquark states P. — J/i p.

e Amplitude fit in full 6d. 9 ¢ and
12 o evidence for two P, states.
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@ Phase-motion distinctive of a
resonant structure (for
PC(4450)).

e (@) R T (b

03 LHCb 3

Fi4430) P.(4380)
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@ However, the large number of poorly known A* states makes the
amplitude fits inherently model-dependent.
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http://arxiv.org/abs/1507.03414

Model-independent pentaquark evidence in A\?’ — J/p pK

MODEL-INDEPENDENT P, EVIDENCE (NEW!) 1604.05708

@ Test null hypothesis Hyp: no P.'s are needed and A* resonances can
alone explain data.

e Signature of each spin-J A* — pK: moments expansion in cos -

,
dN e
Teos = 2 (P)Pilcostn) »
- - N < 0,
néand ' 44. , * R
(PYYk = Z (w;/€;)Pi(cosb'y.) P& AN
i=0

' @ If Jyax is the highest A*/ spin in the k" mpk bin, hyax = 2Jmax-

@ Since the Legendre polynomials P; forms an orthonormal complete
basis; lnax — 00 can describe any distribution.

o Data model: hypothesis H; with “large” /.« = 31.
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http://arxiv.org/abs/1604.05708

Model-independent pentaquark evidence in A\?’ — J/p pK

TESTING THE “A*-ONLY” HYPOTHESIS Hy 1604.05708

§m,;_oring (hep-th/0103289) _
. . .. }:400:— = E —_ 1] _
e For a given mpyk bin, limit Jyax. £ O(: “=—_=m="71
2200~ — = __ 1 — _ -
e High spins not expected at low A* g ool & = — D HCh!|
masses. fmax = 2Jmax Swt [ o=
= ok T = no A*
e Higher moments can only be produced & ™} =|  expected here
. < =
by P. reflections. W l‘ 33 oS5 T 99
ol 22 2 2 22222 72
o A*-only model Ho: hax(mpk). ool L Ll L

1 (m )

o Test statistic for compatibility check between /. = 31 (H;) and
Imax(mpk) (Ho), determined using toys:

N,
events PDF H /
A(-2inL)=-2 Y Wiln[ (mpp p1Ho)/ 1o

i—1 PDF(m yy p|H1)/ 11y
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http://arxiv.org/abs/1604.05708

Model-independent pentaquark evidence in A\?’ — J/p pK

QUANTITATIVE TEST OF THE NULL HYPOTHESIS Hj
e Toys generated with /yax(mpk) (Ho) show a 9o deviation wrt Data.
@ Null hypothesis rejected with minimal assumption on the A*'s.

o Consistent with the P, evidence from amplitude fits.

Wk % 1000
FAG2IE) ) L 1604 .05708
8
s = Bil, Gaussian fit 5 8o
[%2] =
&  uf
= LHCb oo
5 o
data r
+H+ 90- 400
1 | L
200
3 FENPINTIN NP L
220 0 20 40 6O 8O 100120 140 160 14 ol . = .
4 12 14 16 18 S
My [GeV]

o Same analysis for Z.(4200)" claimed by Belle in B® — Jip KTn~ is
in the pipeline.

Biplab Dey Hadron Spectroscopy & Bc June 16", 2016 8 /26


http://arxiv.org/abs/1604.05708
https://arxiv.org/abs/1408.6457

Pentaquark evidence in A?,) — Jppm—

PENTAQUARKS IN A — Jippr™ (NEW!) wncoravnoisos

° Obse_rvatlon in a new mode: E 500F A~y p T LHCb ]
genuine resonances and not % ook | +Data ]
kinematic effects. > F N -1ssseso f} OO ]

Z 300k o Ty e Signal E
2 t ~18% bkgd ce AV ST pK
. a C p I WPR 7

o Cabibbo-suppressed mode: x15 less 200F - Background

statistics, x3 more background. 100f 3
of i

o Additional “internal” W-exchange,
compared to Ag — JppK~.
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Pentaquark evidence in A}

Ag — J/w p’ﬂ'i: AMPLITUDE MODELS crucs-PAPER-2016-015

o No obvious structure in m(J/i p).
Need full amplitude analysis.

o Breit-Wigners for all resonances;
Flatte for N(1535)

@ Significant pm S-wave at threshold:
non-resonant component.

@ Check consistency with the two P,
states from A? — Jip pK .

o A0 — Z.(4200) (— Jp7)p also

considered from Belle (1408.6457).

@ 15 established N* states.

e Reduced (RM

): central values.

Extended (EM): syst. + signif.

£\

State JP My (MeV) Ty (MeV) |RM
NR pr 1/2- - R 4 {]4
N(1440) 1/2% 1430 350 3 4
N(1520) 3/2- 1515 115 3 3
N(1535)  1/2- 1535 150 4 4
N(1650)  1/2- 1655 140 1 4
N(1675)  5/2- 1675 150 3 5
N(1680) 5/2% 1685 130 - 3
N(1700)  3/2— 1700 150 3
N(1710) 1/2+ 1710 100 - 4
N(1720)  3/2* 1720 250 3 5
N(1875)  3/2~ 1875 250 - 3
\<101>m 3/2+ 1900 200 3
) T/27 2190 500 3
) 9/2F 2250 100 -
'(2250)  9/2~ 2275 500 - -
N (2600) 11/2~ 2600 650 -
N(2300) 1727 2300 340 - 3
N(2570)  5/2- 2570 250 - 3
Free parameters 10| 1106
June 167, 2016 10 / 26

Biplab Dey Hadron Spectroscopy & Bc


https://arxiv.org/abs/1408.6457

Pentaquark evidence in A% —

FIT RESULTS LHCB-PAPER-2016-015

o N*+2P. + Z. gives good fit. Exotic significance is 3.10 (EM" N*'s).

T T
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http://arxiv.org/abs/1509.03708

Pentaquark evidence in A?,) — Jppm—

FIT RESULTS LHCB-PAPER-2016-015

o N*+2P. + Z. gives good fit. Exotic significance is 3.10 (EM" N*'s).

)
)

= LHCh 4 2 Daw = T > 40F LHeh 'm >18GeV1
. ol —— RMN"Z+2P.Fil Qpy0f * S < preliminary prt ’
EIO '1' = preliminary E 35 P (4450)_
S 3120 1 83f c €
g EIOO E 25F Pc(4380)‘
e < 80 €20 Z (4200}
> 10F e > c
preliminary & 60 15 4
- 10 10
ol A0 20 5
1 i‘l !7" A A 0=
1 15 2.5 : 9.5 45 5
[GeVJ mJl\up [Gev] mjlwp [Gev]
B(AO —TT P+) + . .
o = 0 o7 .
Rr/k BUOSK=PF) tests P production mechanism

® Rk ~ 0.05(4380), R, k(4450) ~ 0.033. Consistent w/ Cabibbo
suppression (Cheng, 1509.03708): 0.07-0.08.

o Overall outlook: J/i) pm data is consistent with P.'s seen in J/ih pK.
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Exotic structures in BT — Jp ¢

THE X(4140) CHRONOLOGY

A corom) PRD 85, 091103R PLB 734, 261
o o narrow 10 : : : ~7TeV. o521t
E gl 1 X(4140)  unpublished [ " LHCb 0.371fb (2012) 3 P IEA— (2014)
1101.6058 > 4L N(B) ~382 2, F 50, wider —— Global fit
e N(B) ~ 115 g QL X(4140)
13 i F ok E k. — — Event-mixing (J/y, b, K
possible ~ooof Fmixing (. K
5 X(4274) e g SEE T
4 F 150~
§ 1]
5 2 | % i [| | 100|
SRS S c I |
g "'“1 ,’! 8 2 i H e
077 12 13 14 1.551 Fr o—. ‘
mipp KK )mptp) [GeVie . L ; : !
(uty Fmiptu) [ o0 1"\:‘:le¢)-'\1"?‘?’°‘“) me:,:]mo 400 1.1 12 1 14 Am‘[SGeV]
DO Run I, 10.4 fb”" +Data (C)
3608 (2014) gy Fit .
2 N(B) ~ 215--X(4140) e X(4140): some disagreements over the
Q40 Y -.-X(4330) i
= PHSP years from hadron colliders.
2200
@ Also some results from the B-factories. Not

42 33 \44 45
M(J/\VK‘I}\(GeV)

2" peak not significant

too significant, but neither in contradiction

Also 4.70 in prompt p p (2015) with hadron colliders.
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Exotic structures in BT — J/1) oKt

X STATES IN 3/FB LHCB (NEW!) LHCB-PAPER-2016-018

@ Selection similar to 0.37/fb
analysis, with some

LHCb re-optimization.
preliminary

o Ny, = 4289 £ 151, background
fraction 23 + 6% inside signal

50| ; Pl I { band
5022[: GZILIIJ ;ZIGCI ‘ 52‘80 ‘ 53‘(]8 53‘20 ;‘_’vf;40 5360 -
My 0 IMeV] o Largest world dataset for this
mode.

e First amplitude analysis in 6d: myx and 5 angular variables

@ Three contributing amplitudes that can interfere:
o BT = JWpK*T(— ¢K™) (poorly understood K* states)
o BT — X(— JWpdp)K™ (“exotic” X states)
o BT = Z1(— JWWK )¢ (“exotic” Z states)
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Exotic structures in BT — Jp q,t.KJr

FIT RESULTS LHCB-PAPER-2016-018
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@ No obvious peaking structure in
mgk, but rich K* structure
underneath.

e Adding Zt — Jip K doesn't
have much effect. Only adding
X states improves fit.

H =220
§ 120 P 0 i | Iﬁiﬁginary
é 100 %“ h
?3 80 )((4;.40) } w h i |x(4700)
o H .f 5.60
{ ~ it

+ uuuuu o0, H}.
‘ﬁ"u X(4274) x(44oo) h

40)

20

o\ A o s s -
4100 4200 4300 4400 4500 4600 4700 4800
My, MeV]
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Exotic structures in BT — Jp «;JKJr

FIT RESULTS FOR K* — @K LHCB-PAPER-2016-018

2"3[)2 2D,
2 2200E =D IF,
= C 1 3$S|_ I T_ =
,§ 2000;350: ? 1F, E
= 1800 9 — 15 13 ; z
Foe : Bz Z
1600 2’ — 21D
1 ' —_
1002 57 by g
1200 - Z B
1000¢ " Godfrey-Isgur
I'S =
s00F- 3 Default
o Established
600~ Unconfirmed
r's, =
) P ] A BT
400 0 1 2 3
JFO0 1T 1717 l0°RT22 13373 2747

o Good agreement with both
theory (Godfrey-Isgur) and
previous experiments.

Biplab Dey
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K*: within kinematic limits, red
circles are the LHCb fit results.

17: NR + 1793(1900) +
1968(1930). FF is 42%.

271 1777(1770) + 1853(1820).
FF is 11%.

17: 1717(1680). FF is 6.7%.
2+: 2073(1980). FF is 2.9%.

07 : consistent with unconfirmed
1874(1830). FF is 2.6%.
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Exotic structures in BT — J/ip pKT

FIT RESULTS FOR X — J/i) ¢ LuCs Paver-2016-018

@ X(4140) mass consistent with previous measurements. Width larger.

X(4140)
e X(4274) mass/width consistent with unpub. CDF results.
X(4140)

4140) and X(4274): JPC = 17+ determined for the 1st time.
X(4140) can be a possible DED;F “cusp” (rescattering).

e High m, 4 mass region probed for the 1st time. Dominated by 0.
NR + new X(4500) and X(4700) resonances.

State JPC | signif. Mass Width fit frac.
X(4140) | 177 | 8.40 | 4165+45755 | 83+2179) [ 13.0+3.2755
X(4274) | 177 | 6.00 | 4273.3 +8. 3+” 21 56+1178, | 7.1+25735
X(4500) | 0*F | 6.10 4506 + 115@ 92+217% | 6.6 24753
X(4700) | 0FF | 6.10 | 4704+1073, | 12043173 124+577
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Exotic structures in BT —

INTERPRETATIONS ALREADY...

postdiction: 1606.03179
Understanding the internal structures of the X{4140), X(4274), X(4500) and X74700)

Hua-Xing Chen!, Er- Liang Cui!, Wei Chen? - Xiang Liv’*.* and Shi-Lin Zhu®87%

! School of Physics and Bejjing Key Labvramﬂ of Advanced Nuclear Materials and Physics, Beihang University, Beijing 100191, Chin:
Department of Physics and Engineering Physics, University of Saskatch Saskatoon, Saskatch , S7N JE2, Canada
3School of Physical Science and Technology. Lanzhou Unnw sity, Lanzhou 730000, China
*Research Center for Hadron and CSR Physics. Lanzhou University and Institute of Modern Physics of CAS, Lanzheu 730000, China
*School of Physics and State Ksy Laboratory of Nuclear Physics and Techmology, Peking University, Bejjiing 100871, China
“Collaborative I ion Center of O Matter, Begiing 100871, China
"Center of High Energy Physics, Psking University, Beijing 100871, China

We mvestigate the newly observed JX(4500) and JX(4700) based on the digquesh reremeT i 100
withmn the framework of QCD sum rules. Buthofthgmmmbemtu‘pretedaaﬂle kistates
of JV = 0' but with oppo:me color atruc‘tum wh.\.ch 15 TS -~ f. [1]

E5e suZgesie aSSIgnments to tbme X states do
depend on these mnnmg qu.aﬂ:masse) where m, (2 GeV) = 95 + 5 MeV and m.(m,) = 123 =009 GeV_ As a

byproduct, the masses of the hidden-bottom partner states of the X(450{) and A(4700) are extracted to be both
around 10.64 GeV, which can be searched for m the T'¢ invariant mass distmbution.
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DO CLAIM OF )((5568)i — Bt 1602.07588

e DO: 5 o evidence for new “4-flavored” (bsud) exotic X(5568).

o Fraction of By's from X decay: pR° = (8.6 £ 1.9+1.4)%

#PEN(B,) ~ 5500, ooRunin 104t ::5 P——
2 o} Oes™ 30 LaE N(X) = 133 + 31
H BsJ/y @ Bt M = 5567+2.9
S0 Iy g r=21.9+6.4
8 ® . KK K
; sof e J
T e e e
meny e (GevicT] _ m (BLx*) [GeV/c?]

@ LHCb should see this. Large and clean samples.

Y LHCb Preliminary (a)

g x g x: BSHJ/UJ [0} LNCbPrellmlnlry(E;)
§ o B, -D, ' § x: N(B,) ~ 45k |
§ o N(B) ~ 65k Foo T 6 Mev
2000, [ 15 MeV 3000
1o S/B ~ 10
oo 5400

5600 B 5300 00 5500
m(D,7) (MeV/c?) mid/ye) (Mev/c’)
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LHCb non-confirmation of D0 tetraquark

LHCB X(5568) NON-CONFIRMATION LHC5-CONF-2016-004

e B; and 7 from the same PV. Mass-constrained {Bs, Ds, J/i) }.
e No significant signal seen in full Run I. p&HCb < 0.018 @ 95% CL

£k, iy [ [— [ —

i E)sscey D= IRE ey

§: NGO = 82 ee~ é i~ NGO = L
g o TR

§ ‘;:_ T AL P PO, E £

00 0 B0 S0 BN 560 60 5680
(B MoV

@ Checks done in bins of rapidity. Expected B** structures seen w/
similar analysis chain for B°.

2000,
Froo LHCD Protminary

i /WA»M«.. e DO structure remains yet to be
2 B, *(5747) - Bn,

B(5721) - B'Te confirmed by another
i e experiment.

K

R
g
E)

10020 E R S I
m(B*)-m(B)-m(x") [MeV/c]
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https://cds.cern.ch/record/2140095?ln=en

LHCB X(5568) NON-CONFIRMATION LHCB-CONF-2016-004

e Expected signal if 8.6% of Bs's came from X (5568):

250/~LHCb Preliminary . Claimed X(5568) state

D Combinatorial ]

Candidates / (4 MeV/c?)
I N
ol o
o (=]

[N
o
o

3]
o

PN IO sy (R T |

ol b e e L L e L 1]
5520 5540 5560 5580 5600 5620 5640 5660 5680 5700
m(Brr) [MeVi/c?]
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B pHysics @ LHCB

o Lowest bound state of b and ¢ quarks. Unlike bb, c; decays only
weakly. Unique, flavor asymmetry: t is too heavy.

o Either the b or ¢ can decay: ;
(a) b— cW*: Jjbttu, Jim 4@4 :;\_\-L )
(b) ¢ — sW+: Byt+v, Birt "0 O“ O 0"

c B 5o

(c) Weak annihilation (WA), ¢ b
bc — W*: 7y, K*OK* “ v “

e Experimentally, b — c is clearer (due to the J/i)) but Cabibbo
suppressed.

@ ¢ — s is challenging but Cabibbo favored (B ~ 70%). First seen in
B — BY7T by LHCb (1308.4544)

e WA is sensitive to H". CF over BT by W—C‘;\z ~ 100
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http://arxiv.org/abs/1308.4544

B pHysics @ LHCB

@ LHCb results dominate many of the measurements, including the
world's best measurements on B mass and lifetime.

Physics mode L (fb=1)
- ¥ ¥
Production, Mass Z(BBi))g((BBﬁr:jﬁ;J) 0.37 PRL 109 232001, 2 PRL 114 132001
Production Zggi;B(Bz" — Bo7t) 3 PRL 111 181801
+ +
Production % 1 PRD 87 071103, 3 PRD 92 072007
Decay, Mass BY — Jhp Dﬁ*” 3 PRD 87 112012
Decay, Mass BY — Jhppprt 3 PRL 113 152003
Decay Bf = Jpprta—wt 0.8 PRL 108 251802
Decay Bf — JWpK* 1 JHEP 09 075
Decay Bl — JWKTK— 7t 3 JHEP 11 094
Decay BY — JAp3wt3n~ 3 JHEP05(2014)148
BB — bt
Decay Wm 1 PRD 90 032009
Lifetime Bl — Jpptvy, 2 EPJC, 74 2839
Lifetime B — Japmt 3 PLB 742 20-37
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http://journals.aps.org/prl/pdf/10.1103/PhysRevLett.109.232001
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.132001
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.111.181801
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.071103
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.072007
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.112012
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.152003
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.108.251802
http://arxiv.org/abs/1306.6723
http://arxiv.org/abs/1309.0587
https://arxiv.org/abs/1404.0287
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.032009
http://dx.doi.org/10.1140/epjc/s10052-014-2839-x
http://arxiv.org/abs/1411.6899

WA STUDIES VIA CHARMLESS B, — h"h™H

o B decays to charmless states proceeds only via bc — W™ — u{d,s}.
|Vud| > | Vus| implies AS = 0 dominates over AS = 1.

o LHCb is studying B, — /L . v K K
+b

B s g

{KKK,nnm, KKm, ppK, ppr}. * < ¢ o K

LYK > Kmt b
_____ Il_ __ o _”T&_ T

. . = LK b S —

o Large available phase-space! 3 =8 K St KT
B‘P oD KT B‘F N 1D KT

o Intermediate DO, Bs 4 and cc

also contribute. > 7,{’:""'"" rr*Eén" &
4 Sy +

[r o I

@ Some theory (0907.2256) estimates for (quasi) 2-body decays.
B < 107°. Expect few events in Run I.

o Utlimately, Dalitz analysis, Acp, ...
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SEARCH FOR B — pprt (NEW!) vLucsparEr-2016-001

o m(pp) < 2.85 GeV: near-threshold pp production expected. Also
[2.85,3.15] GeV for the J/i) region.

W i g

. b ’ 2

o Measured R, = % x B(BF — ppr™), with B ) <§ 7
BT — pprt as norm. mode K

o No signal detected. UL's for 95% CL set as: S o

N(B') = 1644 +83
BDT>004 3

R, < 3.6 x 1078 and RY" < 8.4 x 1075,

Compatible with LHCb B(B — Jipn™). Fk | 3
Hoping for some signal with Run |l data. N

54
m(ppn) (GeV/c)

Signal mode LHCb

e Bf — KTK 7" in the immediate pipeline.

BDT €[0.04,0.12)

61 62 6.3 64 [3
m(ppm) (GeVic)
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http://arxiv.org/abs/1411.2943

SUMMARY: EXOTICS @ LHCB

A9 — JippK~: “model-independent” approach confirms A*
reflections can’t explain data. Exotics present.

A) — Jjibpm: Pc's consistent with the J/y pK™ mode. R,k
consistent with Cabibbo suppression.

o X — J/ih¢: confirms 1T for X(4140) and X (4274). X(4140) width
larger than CDF. Two new high-mass 0% resonances.

LHCb does not confirm DO X (5568). Inputs from ATLAS/CMS?
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SUMMARY: B pHYSICS @ LHCB

LHCb has performed many measurements in B physics in Run |

@ Most precise mass and lifetime measurements.

o Many decay modes observed: Jib3m, Jp K=, 1(2s)m, Jj DS,
Jp2Km, Jhp3m2n, B, ...

New modes being investigated, especially charmless weak annihilation
types.

@ Searches for excited B, states ongoing as well.
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SUMMARY: B pHYSICS @ LHCB

LHCb has performed many measurements in B physics in Run |

@ Most precise mass and lifetime measurements.

o Many decay modes observed: Jib3m, Jp K=, 1(2s)m, Jj DS,
Jp2Km, Jhp3m2n, B, ...

New modes being investigated, especially charmless weak annihilation
types.

@ Searches for excited B, states ongoing as well.

x5 statistics after Run Il (end-2018). Much more data coming!.
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Backup

THE LHCB DETECTOR COMPONENTS

1

Biplab Dey Hadron Spectroscopy & Bc June 16, 2016 26 / 26



Backup

Ay, — J/YpK
Lo,

Event 251784647
Run 125013
Thu, 09 Aug 2012 05:53:58
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Backup

pK~ EVENT IN THE VELO

ch Ay — J/YpK
N\ CA

Event 251784647
Run 123013
Thu, 09 Aug 2012 05:53:58 Ab
decay point )
Ap e

PP

collision point
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THE LHCB DETECTOR COMPONENTS

@ LHCb

s/(
- -8

en

Biplab Dey

—&— data
—e— fotal fit
background
s P_(4450)
== P_(4380)
--<p-- A(1405)

T Aesso)
----- A(2385)
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PENTAQUARKS IN /Ig — J/¢ pK_ PRL 115, 072001

s l I ' " 3 LHCb W SIK
‘ A, - IPKp ésou— \ b"“ég B
Dalitz plane 5 F R Fe——
1 S 600F-
7 o

o

o
IS
S
3

T

n

=3

S
T

165—, A o kLT'Cb: 3
2 3 5 6 I L I L 1
mz, [GeV?] 40 42 44 46 'mJ,\l,:fGeV]
< 3000
g 25005— e &{3%2} "
2 ook e @ Original goal was precise measurement
5 f. = dota of the A9 lifetime (PRL 111 102003)

F — phase space
ook o Unexpected structure seen in m(J/i p).

500 F

e o A* reflections or true resonance(s)?
' T my, [GeV]
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THE EXTRACTED MOMENTS IN THE DATA

Biplab Dey

< P,' >/ (44 MeV)

mu.‘w‘“.,. =114 =2 1=3
S0 ., [ et +
ey . e
s
ot : : : : :
100 I=4 I=5 t I1=6 ]
: { filter out
2o A ooy "™ A
- THCD *"* . ma_mmum
i ‘ i ‘ spin
=8 1 1=9 ] .
3 { depending
+{»&,J.’“‘ LH'“"“A_' d e p e n d i n g
3 : : onm_bin
Kp
1=11 1=12
ot .|.|.¢«“v 3"0’; —

M, [Gé'\-"']
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Ag — J/¢ p’ﬂ'i: /\/>’< RESONANCE MODELS rucs-pAPER-2016-015

e N(1535) is a Flatte for nn opening

@ 15 N* states.

e Reduced (RM): central values.

o All others are Breit-Wigners with
masses and widths fixed to PDG

Extended (EM): syst. + signif.

T . ) State JP My (MeV) Ty (MeV) [RM | [EM

(varied in systematic studies). NS - - R

1 1430 350 3 4

— 1515 115 3 3

o NR S-wave pr~ for threshold L e

enhancement. 1/m? o o e |

mass-dependence. ﬁm ]:: - %

) 1- 1710 100 )4

@ K-matrix model for 5 S-wave 1720 250 3 ]]5

. 1875 250 -3

from Bonn-Gatchina (1112.4937). 1900 200 3

2190 500 3

0 * N e - . 2250 100 -

o Ay — Jp A*(— pm™) is isospin 2275 so0 |- |]-

. . . . 2600 650 -

violating and supressed is [ud] in A? S0 s

is spectator / = 0 diquark. Not 270 20 |- 113

. Free parameters 10 | 1106
considered. —
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A?) — J/@D p’ﬂ'ii RESONANCE MODELS ruCs-PAPER-2016-015

e Each N* has 4(6) individual LS coupling for spin 1/2(higher)

o “Extended Model": all 15 3-star and 4-star resonances and maximal
LS couplings. Used for quoting minimum significances and
systematics.

o "“Reduced model”: 6 well-established N*'s and L’s that are
significant. Used for nominal results.

e P. and Z.(4200): mass, widths and couplings to J/i) p/J/ip fixed
from previous higher statistics analyses.

e Z-(4300): only 0.60 significant and goes into systematics.
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Ag — J/¢ p’ﬂ'i: ONLY N>i< STATES vruCs-PAPER-2016-015

z™F @ ‘ 1% o © LHCDb
= 180f 4 2 5E .
& 1f E preliminary
2 120 3 ?} 14
m E 3 = E
100 4 12F
s0f E 10E mpn>1.8
E El 8
oF E 3
e E =i
20F “ E z% [ ccanted
5 ittt q

LA

0 e Tl
1 15 2 25 -
my, [GeV]

o Extended model, only N* states.

My yp [Ge

@ 6.60 exotic significance if only established states are used.
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Ag — J/@b p’ﬂ'ii K—MATRIX S—WAVE LHCB-PAPER-2016-015

S a00E T (a) 31 5 2F ‘
2 TE I3 nE
2 180 E = :3 LHCb
o 1s0F E E E
& 160f 4 & P Fi
> E 3J — 18F
7 o E 3 preliminary:
S 10f 3 5 uf E
7 120¢ ER T U1
“ 100F 4 & pE
S0 El 10
60F E sf-
40f 3 SE
20f 3 4E]
oF E 2
) 9
0 PR || o [ul r
"L T r of=a 0 AR fald ne
5 = 1 Ml s
. . -5 .
My, [GeV] 43 3 3

My yp [GEV]

o Instead of isobar model, K-matrix model for the dominant S-wave
from Bonn-Gatchina.

e Conclusions invariant on significances. Goes into systematics.
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Backup

Ag — J/w p7T_Z /V>’< ANGLES <tuCs-PAPER-2016-015

A, rest frame

L
A"
%,

N rest frame

/w

lab frame
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Ag — J/w p7T_Z P(_—J_ ANGLES vucs-PAPER-2016-015

 rest frame A, rest frame ¢ ot

T Treal A 7
;T P, rest frcn7w

lab frame
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Ag — J/w p7T_Z ZC_ ANGLES ruCs-PAPER-2016-015

P rest frame )

]
—_| ,
A Z.rest frame
P

lab frame
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Ag — J/¢ p’ﬂ'i: Z; ANGLES ruCs-PAPER-2016-015

5 Efficiency
300
Corrected =CMS
20F Signal | +LHCb (preliminary)

200

150 + ‘]l*+<}>
100 +
£ ik iﬂ ﬂ#ﬁ t,

0

T
4200 4300 4400 4500 4600 4700 4800
m.,  [MeV]

T
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Ag — J/w p7T_Z FIT FRACTIONS vruCs-PAPER-2016-015

Fit fraction in percentage for the fits with the RMN*

Components N*+2F.+2Z. N*'+Z. N*'+2F
N(1440) 34.0+4.9 333450 309+46
N(1520) 7.6+22 47420 53+20
N(1535) 254+59 315+64 204+56
N(1650) 105+£51  115+47 123+43
N(1675) 34722 43+17 2372
N(1720) 3.9714 63423 372
NR pr 186+32 176+35 19.6+32
P.(4380) - 6714
P-(4450) 16708 - 15708
Z.(4200) T7+28  172+33 -
Hadron Spectroscopy & Bc
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Ag — J/¢ p’ﬂ'i: FIT QUALITY wvucsPAPER2016-015

150

100,

50

150

100

50F

o
K

R

LHCb

—=— Data

—— RMN*+Z+2P,
=== P{4450)

- P(4380)

————— Z(4200)

0!

-1 05 0 05
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cosé

0
¢ [rad]
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Ag — J/¢ p’ﬂ'i: SIGNIFICANCES vruCsPAPER-2016-015

State N*+2P, | N*4+2P.+ Z,
EM EM'|EM  EM
Z. - - |18 04
P.(4380) | 5.0 24 |00 14
P.(4450) | 1.2 1.5 | 1.6 T
2P. 67 [33]25 09
2P.+Z.| - - 6.6 3.1

o EM': includes two high mass, low-spin N* states observed by BES IlI
(PRL 110 (2013), 022001), but excludes spin > 9/2, which are
suppressed at high mp.
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PENTAQUARK INTERPRETATIONS AND OUTLOOK

e Tightly bound quarks? Colored diquark-triquark
(Lebed), colored diquark+anti-quark (Maiani).

@ Meson-baryon molecules with meson-exchange
binding? Karliner-Rosner: narrow P.(4450) very close
to X.D*.

o Rescattering effects: P.(4450) just above [xc1p]
threshold (Guo).

@ Reproduces phase-motion of P.(4450), but what , L5 P
about P(4380)? a

oo I
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PENTAQUARK OUTLOOK (CNTD.)

Experimental program: new decay modes and production mechanisms.
Confirmation by other experiments. Where are the ground states?

Different final states: ¥ — J/1b pp, B® — J/i pp, /lg — Jhp prg.

o New open-charm and charmless decay modes of Pc:
A0 — 1 (1P)pK, A — AFDOK—, A® — S+ DOK~

Pentaquark multiplets: A% — J/ prK2. A2 — Jjp A
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Bt — JWp oK™ ANGLES

B' rest frame

W rest frame Ay K rest frame
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Bt — Jip K™ FIT QUALITY IN THE ANGLES

& LHCH ]
25 ‘t i*‘ﬁ# - q.
M of woe TR, “F iﬂ.m 5 N*H
200) E ——total fit iy kR (9 -
} 4 cos(8,) g = background ﬁ'.(“»)) “F h *1‘
-0 Y K o
e e St xa140) :£21_])K(ZE e araentnll
preliminary 2 1 x(4274) = K plelumnaly

ol - o 07 x(4500) K2 E
vk 07 X(a700) - K(0)

: W*

Hti™

LHCh
- data - 1 NRy
= fotal fit K1)
== background g %)
WO N Kok
Foooms 1t xd140) Y I
% 1 x(a27a) = K'(1)
E w00 x(a500) — K*(2) L

07 X(4700)

+K(0)

NI S PRI
2ot + *‘w 100 @
150) cos(8y,,) * a0 - P cos(B) m -
. UL AT U e ]
109 | -
0] - - 0| -
PR g a5 0n g on 0% 0 T U
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-
Bt — JWp¢pK™: cusps

@ Opening of threshold, not necessary bound molecular states can cause
“peaking” -like structures.

o Coupled-channel cusp models, Swanson: 1504.07952, 1409.3291.
Internal L =0, so

Isobar

&q e/
nm):/ = T
Q) m— My — Mp — 55 +ie

Biplab Dey Hadron Spectroscopy & Bc June 16", 2016 26 / 26



K** SUMMARY FOR BT — Jip oK™

Robust tapestry of K* states from amplitude analysis

e 17: dominant, w/ K1(1650) at 7.60.

@ 27: two resonances consistent w/ K»(1770) and K>(1820)

e 17: First observation of K*(1680) — ¢K

e 2™: 5.40 evidence for a broad resonance consistent w/ K*(1980)

e 07: 3.50 evidence for the earlier observed K (1830)
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