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» Model Independent Analysis
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INTRODUCTION: “EXOTIC”

Standard Hadrons Exotic Hadrons
Meson Baryon

Tetra- and Penta-quarks conceived at the birth of the quark model

Volume &, number 3 PHYSICS LETTERS 1 February 1964

8419/TH,. 412
A SCHEMATIC MODEL OF BARYONS AND MESONS * 21 .February 196&

M. GELL-MANN AN SU, MODEL FOR STRONG INTERACTION SYMMETRY AND ITS BREAKING
California Institute of Technology, Pasadena, California 3 )

*

Received 4 January 1964 i1 . ‘e)

A simpler and more elegant scheme can be G. Zweig
constructed if we allow non-integral values for the CERNw~-Geneva
charges. We can dispense entirely with the basic
baryon b if we assign to the triplet t the following *)
properties: spin 3, z = -3, and baryon number 1%

Version I is CERN preprint 8182/TH,401, Jan. 17, 1964.

We then refer to the members u3, d-3, and s~3 of

"quarks" 6
the trlplet as ’q ks" 6) q and the members of the 6) In general, we would expect that Jaryons are built not only from the product

as anti-quarks . Baryons can now be - — -
constructed frony quarks by using the combinations of three aces, AAA, but also from AAAAA, AAAAAMA, etc,, where v A

(qqq) (qqqqq) etc., while mesons are made out denotes an anti-ace, Similarly, mesons could be formed from AA, AAAA

etc. It is assuming that the lowest etce For the low mass mesons and baryons we will assumé the simplest
igurdtion (qqq) gives just the represen-

tatlons l 8 and 10 that have been observed, while

possibilities, AA and AMA, that is, "deuces and treys",
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MODELS FOR TETRA- AND PENTA-QUARKS

6‘p1ain99

diquark triquark

model

hydro-charmonium
model

molecular
model
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r
THE X(3872) STATE

[Belle: PRL 91, 262001 (2003)]

REman "

ﬁ)iscovered in 2003 by the Belle collaboration in tha 200 |- E_ =
B — K X(3872) decay where X (3872) — J/¢ntm™ g 0 13
2 ol 18
® Mass is roughly equal to m(DY) + m(D*?) % > S
® Width is surprisingly narrow (< 1.2 MeV) g °F 1§
I, ducti o = collisi 0 7 JW “

\_ ® Large production rate in pp collisions Y, 0o om ra 487980 3EIE a9 s

Mz 1'T) - M(I'T) (GeV)

LHC experiments are largely contributing to shed light on the nature of the X(3872) state

K Determination of the quantum numbers [PRL 110, 222001 (2013)][PRD92, 011102 (2015)] \
» Measurement of B(X(3872)=>W(2S) Y)/B(X(3872)>J/P Y) [Nucl.Phys.B886 (2014) 665]
» Precise mass measurement [EPJC 72 (2012) 1972] [JHEP 06 (2013) 065 ]

Ep =m(D°D*?) — m(X(3872)) = 3 £ 192keV /c? o Loosely bound in the

molecule scenario

» Production cross-section in pp collisions at Vs = 7 TeV [EPJC 72 (2012) 1972, JHEP 1304, 154
(2013)]

» Search for X(3872)> pp [EPJC 73 (2013) 2462]

BR(X(3872) — pp) 3
k BR(X(3872) = Jjgmta) ~ 2010 /
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...AND FRIENDS

Profile edit

Eur.Phys.J. C74 (2014) 10, 2981

Friends v

facebook

State M, MeV TI', MeV JPC Process (mode) Experiment (#0) Year Status
X(3872) 38TL68 =017 <12 17 BoK(m'm J/¥ Belle [810, 1030] (>10), BaBar [1031] (8.6) 2003 Ok
pp— (whte Jfy) . CDF [1032, 1033] (11.6), DO [1034] (5.2) 2003 Ok
pp = (e Jj) ... LHCb [1035, 1036] (np) 2012 Ok
- K(xtz=a0J /) Belle [1037) (4.3), BaBar [1038] (4.0) 2005 Ok
B = K(yJ/y) Belle [1039] (5.5), BaBar [1040] 2005 Ok
LHCb [1041] (> 10)
Searc v B - K(yy(28)) BaBar [1040] (3.6), Belle [1039] (0.2) 2008 NC!
B LHCb [1041] (4.4)
B K(DD*) Belle [1042) (6.4), BaBar [1043] (4.9) 2006 Ok
3883.9£45 25412 117 Y(4260) » = (DD*)" BES 111 [1044] (np) 2013 NC!
38012433 408 77 Y(4260) —» x (xtJ/y) BES II1 [1045] (8), Belle [1046] (5.2) 2013 Ok
T. Xiao et al. [CLEO data] [1047] (>5)
Zc(4020)" 40220428 79+37 77 Y (4260, 436 | BES 111 [1048] (8.9) 2013 NC!
Zc(4025) 40263445 248405 77 Y(4260) - = (D*D* BES 111 [1049] (10) 2013 NC!
Zp(10610)7  10607.2 + 2.0 184+ 2.4 11~ T(10860) — n(xY (185, Belle [1050-1052] (>10) 2011 Ok
T(10860) — 7 (x " hy(1P, Belle [1051] (16) 2011 Ok
A I' t' d't T(10860) — =~ (BB*)* Belle [1053] (8) 2012 NC!
pp Ica 'ons e I Z5(10630) 10652.2+ 1.5 1.5+ 2.2 11~ T(10860) — 7~ Belle (1050, 1051] (>10) 2011 Ok
T(10860) —» 7 hy Belle [1051] (16) 2011 Ok
T(10860) — 7 (B*B*)* Belle [1053] (6.8) 2012 NC!
Y(3015) 3018419 20+£5 0/2° 1) Belle [1088] (8), BaBar [1038, 1089] (19) 2004
Photos e (wl/v) Belle (1090] (7.7), BaBar [1091] (7.6) 2009
xca(2P)  3927.2+26 24+ 2t ete mete (DD) Belle (1092] (5.3), BaBar [1093] (5.8) 2005
X(3040) 394273 7+ etem = JfY(DD*) Belle [1086, 1087] (6) 2005
n Groups Y(4008) 3891+42  255+42 1 ete” = (xTx JfY) Belle [1046, 1094] (7.4) 2007
V(4040) 4039 +1 80+10 17— etem = (D(D)(x)) PDG [1] 1978
ete™ = (pJ/y) Belle [1095] (6.0) 2013
Z(4050)* 7 B 5 K (w7t xel) Belle [1096] (5.0), BaBar [1097] (1.1) 2008
Events Y (4140) 7t BT o KT (edjv) CDF [1098] (5.0), Belle [1099] (1.9), 2009
LHCb [1100] (1.4), CMS [1101] (>35)
DO [1102] (3.1)
rﬂarketplace W(4160) 41533 10348 1 ete™ = (D)D) PDG [1] 1978
etem = (nJ/v) Belle [1093] (6.5) 2013
X (4160) 13T 1% 7t eter o Jfw(D°DY) Belle [1087] (5.5) 2007
o= Z(4200)~ 1+=  BY 5 K—(=*J/¥) Belle [1103] (7.2) 2014
Ilee Z(4250)" 4248713 27 BY 5 K (77 xe) Belle [1096] (5.0), BaBar [1097] (2.0) 2008
(4260) 4250+ 9 1= etem o (mwdfy) BaBar (1104, 1105] (8), CLEO [1106, 1107] (11) 2005
Belle [1046, 1094] (15), BES III [1045] (np)
ete” = (fo(980)J/) BaBar [1105] (np), Belle [1046] (np) 2012 Ok
ete™ = (x~ 00) %) BES 111 [1043] (8), Belle [1046] (5.2) 2013 Ok
ete” = (v X(3872)) BES III [1108] (5.3) 2013 NC!
Y(4274) 4203 +20 5£16 7Y BT o KT (eJ/v) CDF [1098] (3.1), LHCb [1100] (1.0), 2011 NC!
CMS [1101] (>3), DO [1102] (np)
ete™ = eTe (8J/9) Belle [1109] (3.2) 2009 NC!
ete” = (xTrY(2S)) Belle [1110] (8), BaBar [1111] (np) 2007 Ok
BY o K—(x+v(25)) Belle (1112, 1113] (6.4), BaBar [1114] (24) 2007 Ok
LHCb [1113] (13.9)
B o K—(x+J/¥) Belle [1103] (4.0) 2014 NC!
X(4630) 463179, 1 ete” — (ATAD) Belle [1116] (8.2) 2007 NC!
Y(4660) 4665+ 10 1==  etem o (xTwy(25)) Belle [1110] (5.8), BaBar [1111] (5) 2007 Ok
T(10860) 10876 = 11 177 etem (BB PDG [1] 1985 Ok
ete™ —» (7rY(15,28,35)) Belle [1051, 1052, 1117] (>10) 2007 Ok
e = (fo(980)Y(15)) Belle [1051, 1052] (>5) 2011 Ok
ete~ = (72,(10610,10650)) Belle (1051, 1052] (>10) 2011 Ok
ete” = (nY(18,25)) Belle [986] (10) 2012 Ok
te~ = (xTx~Y(1D)) Belle [986] (9) 2012 Ok
Y5(10888) 10888.4 £ 3.0 30.7 1 ete” = (77~ T(nS)) Belle [1118] (2.3) 2008 NC!

17/05/16, pp@LHC, Pisa , Italy

M. Pappagallo




Search for X, [Beauty partner of the X(3872)]

ATLAS: Phys. Lett. B 740, 199 (2015)
CMS: Phys. Lett. B 727 (2013) 57
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r
THE BEAUTY PARTNER OF X(3872)

/

.

\
2 Heavy quark symmetry suggests a hidden-beauty partner X,
analogous of X.. Molecular (Swanson, 2004) and tetraquark models
suggest to search it close to BB* threshold.
/

/
2 CMS and ATLAS looked for X, — Y{(1S) m*m— decay seemingly
analogous to X(3872) — J/ @Y o'~

Analysis strategy: search for a peak other than known Y{(2S)
& Y(3S) in the Y(1S) m* o~ spectrum within 10-11GeV

-

\

17/05/16, pp@LHC, Pisa , Italy M. Pappagallo 8




| T T T L LA A T T N
CMS /! !
: A @
; a vy :
AS : — o]
A L =~ )
v - A — 3%
LA S ——— Observed Significance ~—__ ]
= — — Expected Significance for R = 3%
10° — 1';_6 ----- Expected Significance for R = 6.56%
E B 5
100 107 ATLAS
= 0 LR 10° 5o X
e 95 /0 CL upper llmlts 10° s=8TeV,16.20
1019 |- =———Observed o 10
e Expected for R=6.56% - between ~ 1% and 5% | 2.
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P 10000 10200 10400 10600 10800 11000
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g o -tbsxmwd O(pp g Y‘(2‘5‘) = Y‘(I‘S')JT-‘-‘TE—) 5 ‘ —— Observed
£ 10% “{s=8Tev [__]+ 20 Expected 2 ATLAS Meaion Excocted
= 8% [ | _2071p" 6.56% - --- Median expected | E10'F (s=8Tev, 16210 [ 10 Band F E
5 e TR T OOIAN OXPOCIEC 319°F +
Q 6% — Observed § I [ ]+20 Band i
= 4% Dw i TRPP 7
o | |
BN M TRPO
2% | R TRPM |
102 —
1% r b
° ! 1 | ! | 1 LONG :
10 101 102 103 10.4 105 10.6 107 10.8 10.9 11 C
Mx [GeV] 10000 10200 10400 10600 10800 11000 11200
: P

gAccording to Karliner & Rosner [PRD91 (2015) 014014], this decay should be forbidden b;
G-parity conservation; while for the X(3872) the isospin-conserving decay to wd/ ¥ was
kinematically suppressed, the same is not true for a bottomonium-like J¥¢ = 1** counterpart.
The strategy for X, observation should include search of X, — Y(1S) w(—»z*n %), X, —

_X(1P) (< V(1S) 7) ', X, — Y(38) 7

J
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rObservation of a peaking structure in the J/\p ¢
mass spectrum from B* 2 J/P ¢ K* decays

17/05/16, pp@LLHC, Pisa , Italy M. Pappagallo 10




r
X(4140): A BIT OF HISTORY

CDF: Evidence/“Observation” in B*2>J/p ¢ K*
[PRL 102, 242002 (2009), arXiv: 1101.6058]

X(4140)

[=15.3+104 "+ 925 MeV

X(4274)

m = 4274.4%84 . +1.9 MeV
[ =32.3%219 | i’? 6 MeV

/ﬁelle: No evidence of X(4140) in YY=2>J/P &. Observationh\
new state X(4350) [PRL 104, 112004 (2010)]

LHCDb: No evidence of X(4140)/X(4274) in B decays but UL’s
don’t disprove them [PRD 85, 091103(R) (2012)]
DO: “Threshold enhancement consistent with the X(4140)

(3.10) ...Second structure consistent with X(4350)” [PRD89
012004 (2014)]

CMS: Peak in JY ¢ consistent with X(4140). Evidence of a
2nd peak affected by reflections [PLB 734 (2014) 261]
» BaBar: No evidence of X(4140)/X(4274) [PRD 91, 012003 (2015)]

QDO: Evidence of X(4140) in prompt production [PRL 115, 232001
(2015)] /

17/05/16, pp@LLHC, Pisa , Italy M. Pappagallo
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Candidates per 10 MeV/c?
a

D@ Run 11)10.4 fb™"' + Data
> 60 | : — Full Fit
= l -~ X(4140)
S 40 1 ---X(4330)
; : : PHSP
@20
=W N
1 ™ I . | ]
c A
142 43,
LA 2k Gew)
| | .
200CMS, 1527 TeW, L=5.2 1" CMS /1|
LU L B T
o [ | 1 L bam
= osof- | | —_— %obal gltd
R™E 1 s g
PN | I i — — Event-mixing (J/y, ¢, K*) ]
0 o 1 Evefr_1tt-mixing (v, 0 K*) 7
> ¢ o e 1D fi ]
< 150 |} -{-",-’ =
1005- : i "‘l‘ + ++ é
| | R e S
or f/+ [ + + 1
.'/
0 | |
A P IR | R R RS R B,
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CMS SEARCH FOR X(4140)

[» Search performed with 5.2fb- of collision at 7TeV

primary secondary
vertex vertex
B+

5 Signal extraction:
*  pp>1GeV for any kaon

s pp(J/Y)>TGeV

\_

from B, > ¢ (2S)p — J/ Ymta ¢
(but whole spectrum also investigated)

* selection on common vertex probability and
angular separation between J/ ¥ and kaons
* transverse B* flight lenght significance > 3

2> The Am=m(u*uKK)-m(u*u)spectrum is
considered till 1.568GeV to avoid reflections

CMS

3
g
§
¢,

[CMS: PLB 734 (2014) 26

CMS.Vs=7TeV.L=521b"
T T T T TS
1.008 <m(K*K") <1.035 GeV 7

&
3
A
&
8
[}
@
<
1

¢ Data
— Fit
==: Background

Candidates / 5 MeV
2
]

T

-

80052, 996 7<m(ut i )<3.1967 GeV
600[21.008<m(K*K-)<1.035 GeV

E 2480 + 160 B* events :

Co s R T S T R T S PR ST SR S T T SR ST S NN T T S 1
(9,15 52 525 53 535 54 545
mEUARKKK?) [GeV]

2 Largest Bt sample to date
* 20 times CDF
« 7times LHCb

1]

m(J/YKKK) € Im(BY) -30, m(B*) + 30

/
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CMS, Vs=7 TeV, L=5.2 fb!
F T T

T

—+— Sideband-subtracted Data |
—— Fit 3

500F
400F
300F

200

Candidates / 1 MeV

100f

-100F




r s,
THE J/¥¢ MASS SPECTRUM

[CMS: PLB 734 (2014) 261]

The Am =m(u* ¢ KK) - m(u*u) spectrum is obtainem < 300 VS, s=7Tev.L=62f"
[} C —+— Data ]

ividi i i = __F Global fi .

» dividing the dataset in 20MeV Am bins o 0] X(4140) | . Three-body PS (global fit) ]
fitting every bin with: = oob - / C _ _ Evestoiina v

« Signal PDF: S-wave relativistic Breit-Wigner (BW) :2, ; ' A AR %ef?tt'mixmg Wy 0 K7) g
convoluted with mass resolution 1501 ‘l’ E

* Background PDF: 3-body Phase Space Shape (PS) 1003— + + ++ —

« 1-D Fit: Binned x 2 fit to the extracted A m spectrum sof +//,.~ X + ............. .
using the BW and PS shape. .7 + .

§e

* Global 2-D Fit: simultaneous fit of m(B*) and Am N S T I
with implicit background subtraction R ' ' " Am1 '[SGeV]

» extracting the number of B* signal in each A m bin by fitting the spectrum

Mass [MeV]

310 £ 70 4148.0 + 2.4(stat) + 6.3(syst) 28*15 . (stat) £ 19(syst)
418 £ 170 4313.8 + 5.3(stat) £+ 7.3(syst) 38%30 | (stat) £ 16(syst)

First structure is consistent with X(4140) of CDF observed with a stat. significance > 50!
There is evidence for a second structure in the same mass spectrum

BR(Y (4140))

BR(J/p ¢K*) |
17/05/16, pp@LHC, Pisa , Italy M. Pappagallo 13|

2> Naive yields’ ratio estimate:

~0.10+0.03% consistent with CDF and LHCb 4L



r CMS
NEXT STEPS FOR X(4140)

Toramn et AR L il g

\

6 Understanding the nature of both structures needs further
Iinvestigation
o o o . CMS, Vs=7TeV,.L=521f"
» The @K* mass distribution shows an excess w.r.t. PHSP profile 3 160F ,‘«-'\' KK <168 or ik = 158 Gov ]
in the region where large resonances [K,(1770) & K,(1820)] g‘“?l + \ { Data E
e . ﬂ t t d . d t ~ 120:—.’ 1 —— Phase Space simulation]
\ y appear; reflections studies are carried out: ) o " E
= | 3
00 1 =
K)r) ‘fe% I E
-1 3
> 400_9‘-MIIS’I T S| |_|7| T|e\|/|’ I|-|_| 15.|2| flbl LA B L L L L L L S m( _E
(0] - ]
5350:— T
g E 1 1.1 1.2 1.3 1.4 15 1.6
< 3001 Am [GeV]
52505_ » Y(4140) appears to be
27k uncorrelated to ¢K* resonances
200
O \On]y thy CMS. fs=7TeV, Los2tb
150 - 18 /72(4) g”’o_" 1.68 <m(K’K'K’) < 1.88 GeV -]
C T~ * C - ¢ Dat ]
100 - = ~~~$ % @ 80— ” +} STP:aase Space S|mulat|on
soF- - 2% H 2
oF - : :
_50.:—1- I | i | | | N BN R R R 4—:
15 16 17 18 1.9 2 21 22
m(K*K'K*) [GeV]
Additional peak may
be affected by them
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rSearch for structure in the B 7* invariant mass
spectrum
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A NEwW B 7+ STATE CLAIMED BY DO

[DO: arXiv:1602.0758

M = 5567.8 +2.9799 MeV/c?

I' =21.9+6.4752 MeV/c?
( Fraction of B.? from X* decay: 0 \"? = (8.6 £1.9 + 1.4) %

Claimed observation with 5.1 0 significance of an exotic state
v X(56568) *— B 'm*, B,'—=J/Y ¢, J/Iv—>utu—, ¢ >KK™

8]

[N(B;

ORes ~

~ 5500 |

30 MeV |

h

N events / 20 MeV
o > o
S b3 3

hO
p L L L L B L R TTTTT

17/05/16, pp@LHC, Pisa , Italy
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DO Run 11, 10.4 fb'

T
m(J/v ¢)

56 58 6
[GeV/c?]

N events / 8 MeV/c?

90

“Cone” cut: AR = /(An)2 + (A¢)2 < 0.

(

; N(X) = 133 + 31 ]
80 = a)
E e DAIA
70 — Fit with background shape fixed
E -===-=-=--. Background
60 :_ s Signal
50 —
40—
0 4
20 =
104 F
0_ ........ L ettt L T R A
55 555 56 5.65 57 575 58 5.85 59
m (B%: %) [GeV/c?]
16
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B. SELECTION

J H

)

LHCb-CONF-2016-004

/> RUNI data (3 fb)

» Cut-based selections aiming to very clean B samples
v Both B,’—D_ 1" and J/¢¥ ¢ (Mass constraints on the D, and J/¢)

v’ Stick closely to tried and trusted analysis methods:
B** 2Bm e B,** 2BK

v’ pqp(m) > 500 MeV/c

v" Baseline: p(B.,%)> 5 GeV/c; Tight: p4(B,%)> 10 GeV/c to match the DO

~

\ selection /
o 6000/~ . ' ' = N : T, ;
> - [ LHCb Preliminary (a) 7 > 9000~ LHCb Preliminary (b) =
= 5000 ; — = 8000:- =
§ ¢ Opes =15 MeV 3§ e Opes = 6 MeV =
2 3000) S/B=10 - 2 5000 S/B =50 3
8 - . 8 4000F- =

20001~ = 3000 =
1000 é— ;" ® —; 2000~ —g
- Sooy : 1000 g
5300 5400 5500 5600 5300 5300 5400 5500
m(D_x) (MeV/c?) m(J/yo) (MeV/c?)
[ B, sample 20x larger and much cleaner than DO ]
17/05/16, pp@LHC, Pisa , Italy M. Pappagallo 17
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FIT RESULT

LHCb-CONF-2016-004

Both modes combined (no “Cone” cut applied):
pr(By) > 10 GeV/e

[ Fit with signal component ] [ Fit without signal component ]
% 7OE_L HCb Preliminary (b) [ cromed o s E % 7OE—LHCb Preliminary (b) ] compimor E
E 60: ot Slgnlflcant DComblnaiorlal —: ?_ GOE_ =
g ®F  signal ERE E
ki H\H rRE L
s E ] ] b L DR s B F H ’ i (IR ANA
S 305— '| i;w' !i_| I i"ii!"pi "'l II" |u| il "il T i 3 305— i |I " I'I ”I",| ||1| Al ||| T s i
20 ! it i / || l l H H 20— l I ||' |'| l H
105_ il 'u-'ll:' H l —E 105— il ”'I __
= T . { { 3 E L:ﬁ:;" { {
= 3 41 = 3
E 20 ih TR LA et e S A n_:f 24
:i ............... *...{...}......} ....................... L }{}_ :i
5520 5540 5560 5580 5600 5620 5640 5660 5680 5700 55I20 55‘40 5560 5580 5600 5620 5640 5660 5680 5700

m(Blr7) [MeV/c?] m(Bir7) [MeV/c?]

PP (BY pr > 5 GeV/e) < 0.009(0.010) @ 90(95) % CL
PP (BY pr > 10 GeV/e) < 0.016 (0.018) @ 90(95) % CL
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JUST FOR CURIOSITY...

LHCb-CONF-2016-004

LHCb

[If Px = P?{Q = 8.6%, how would the X(5568) signal look like?}

17/05/16, pp@LLHC, Pisa , Italy M. Pappagallo 19
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JUST FOR CURIOSITY...

LHCb-CONF-2016-004

LHCb _ DO __ . .
[If px  =px =8.6%, how would the X(5568) signal look hke?}
(Both modes combined: p(B,) > 10 GeV/c)
% 250 f—LHCb Preliminary B i o500 s 3
= B Combinatorial 7]
< - =
~— 200(— -
2 .
S 150 &
e r &
S 100 t:
50— -
0% 8520 5540 5560 5580 5600 5620 5640 5660 5680 5700
m(Br) [MeV/c?]
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BREAKTHROUGH

r()bservation of two pentaquarks P_.* 2> J/P p
(Amplitude analysis of Ay 2 J/P p K-)

17/05/16, pp@LHC, Pisa , Italy M. Pappagallo 21




' PENTAQUARK:
THE RETURN OF THE LIVING DEAD

After 50 years no undisputed experimental
evidence have been found for pentaquarks

. N

» Most famous candidates:
v 0t—K%, K'n, m=1.54 GeV, [ ~10 MeV
v’ Resonance in D*p at 3.1 GeV, [ =12 MeV
- — =1, m=1.862 GeV, [ <18 MeV
» In general they were observed in “bump”

searches

\_ %

K.H. Hicks, “On the conundrum of the pentaquark”, Eur.Phys.J. H37 (2012) 1
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TOBSERVATION OF A NARROW BAND IN
THE A, “DALITZ” PLANE

[LHCb: PRL 115, 07201 (2015)]

Selection based on the full Run I dataset (3fb1)
26k A’ candidates. Background ~ 5.4%

|

B 7000 —
= C
N C LHCb 4 —=- data
= 6000 — total fit
< C — signal
© s000F -~ background
woor

4000F~

- 4

3000 :— Ag signal range

2000

1000f= sideband sideband

C L 1 N 1 ”"; .... L N | 1 —t
5500 5600 5700
m [MeV]

JypK

A*(1520)
— ¥ ‘ S E
S 2f I
(3 ' o 8005— /5
N\§24: g |
S F E
2ol L%’GOOE \
- 3 \
20: 400F-
18] 3
r 200F
16 3
2 E. L L
mg, [GeV’] 40 a2

\ LHCb

- -

~

P R T
44 46 48 50
m,,,, [GeV

» The pK- mass spectrum featured by several resonant states
» Could it be a reflection of the interfering excited A*> pK-?

A

[ 6D Amplitude analysis ]

17/05/16, pp@LHC, Pisa , Italy

M. Pappagallo
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r
FIT WITH A*2>pK STATES ONLY %

[LHCb: PRL 115, 07201 (2015)]

% 2200 —a— data

S 5000 t —e— total fit

o) a LHCDb background
1800 @ --=p-- A(1405)

r N
Use of extended model, so all possible known A*

amplitudes: my projection looks fine, but...
\ y
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r
FIiT WITH A*2>pK STATES ONLY

[LHCb: PRL 115, 07201 (2015)]

é 800 4

O 700 (b) + LHCb

= ‘ —a— data
fé’ 600 ' +++ —e— total fit
S +¢¢¢ ; ﬁﬁ

11 500 ﬁ¢ " iy '

P o TR aagicica b il dgirioiogricd AP PIIGR
4 4.2 4.4 4.6 4.8 5

4 Extended A* model: h

>...the fit projection can’t reproduce the peaking structure in J/P p

»Adding non-resonant term, £*’s or extra unknown A¥’s doesn’t help )
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I
ADDING P.~2>J/¥Yp AMPLITUDES

[LHCb: PRL 115, 07201 (2015)]

‘© 2200 —&— data % 800
2 2000 —e— total fit E *
background
1O oo v @ LHCb N P (4450) L0 700 (b) * LHCb
c O 1520 c —eo— total fit
2 1400 1600 g
L 1670 L

mﬂ

*
> >

- — 2 2.2 2.4 2.6

Reduced A* model + 2 Pentaquarks decaying to J/\ p
»Best fit has J¥=(3/2-, 5/2%), also (3/2%, 5/2°) & (5/2*, 3/2°) are preferred
»>Adding more amplitudes doesn’t improve the fit quality

Mass (MeV) Width (MeV) Fit fraction (%)

P_.(4380)* 4380 +£8+29 205+18+86 8.4+0.7+4.2
P_.(4450)* 4449.8+1.7+£2.5 39+ 5+19 4.1+0.5+1.1




I
DO WE REALLY NEED 2 P_*’s? YES

[LHCb: PRL 115, 07201 (2015)]
S e e
} (d m(Kp)>2GeV | [ A
(@ (Kp) Clear need for the 27 broad P_*
| LHCb | 4= | here the A*2>pK- contribution
| ' g 1s the smallest P
ST 42 Combined P,
2 [ |Hcb  — Pc(4450)
Q400 —— P(4380)
o [ 7
L e
S [
o ¢t

200
(" . , ) —> 2
Evidence of an interference 100621 SR
pattern in the angular -— ...
distribution 0708 06 04 02 0 02 04 06 08 1
\_ J cos(6,)

17/05/16, pp@LLHC, Pisa , Italy M. Pappagallo 27



r
ARGARD DIAGRAMS

[LHCb: PRL 115, 07201 (2015)]

P+ amplitudes for 6 m(J/Y p) bins between +I" & -T’
around the resonance mass

Brelt 1 Wigner
Pc(4450) ngner s '

-0.05F

0.1

P,(4380)

-0.15

0.2

'0'252‘ ! : ;
o3 LHCb ;

-0.3
835 -0.3 -0.25 -0.2 -0.15 -0.1 -005 O 0.05 0.1 0.15 -0.1 -005 O 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Re A Re Af

» Good evidence for the resonant character of P .(4450)*
» The errors for P,(4380)* are too large to be conclusive
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rModel-independent evidence for J/P p
contributions to Ay 2 J/P p K-

17/05/16, pp@LHC, Pisa , Italy M. Pappagallo
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r
MODEL INDEPENDENT ANALYSIS

[arXiv:1604.05708]

Can the reflections of the structures in m(pK) and cos 3,
reproduce the m(J/ ¥ p) distribution?

If no exotics in J/WK and J/P p - Decompose angular distribution into Legendre
moments 2 Recombine the moments up to a certain order

-

Z 1000

800

Yield / (20 M

600

4=
=]
(=]
-“*|||||||||||||||||||||

2 44 16 a3 s

’"“‘V P

[GeV]

Explanation of the data with plausible A* contributions is ruled at
high significance without assuming anything about A* resonance
shapes or their interference patterns!
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RUN II and Beyond
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r
X(3872) & QUARKONIA-LIKE STATES

> X(3872) \

> Precise mass measurements. Why so close to D/D* threshold? \
> Search for new decay modes: (e.g.) X,; I II

» Confirmation of J/\P w or D°D*° decay modes

» Production measurements at 13 TeV (prompt and non-prompt)

CMS ; 38 pb™ (13 TeV)
> El L I L ] L ] LI B B I LN I T I |||||
0)2: CMS ]
= Preliminary
0 .

-~ Jhp ttn ]
£2000 - p.>10GeV ~
c T .
o - ; — Total fit ]
w1500 - Background
1000 ;/J . .
500 = ¥(29) =
L SXET)

R I | |

NPT e o Y e
385 39 395 4
MJ/w o [GeV]

I 50 WP e
%.6 365 3.7 375 3.
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r
X(3872) & QUARKONIA-LIKE STATES

K Charmonium-like states

J/IP dP decays
» Search for the missing X.,(2P) and X_.,(2P)

» Exploration of DD mass spectra from B decays
» Determination of spin-parity
» Central Exclusive Production

QSearCh for X,

~

» Search for X(4140) 2 J/Y ¢ in B2>J/ ¢ Kand B, >

]

17/05/16, pp@LLHC, Pisa , Italy M. Pappagallo
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r
TETRA/PENTAQUARKS

Search for Z _+ N\
> Study of B >J/w K 1 \
» Study of B 2>n, Ko
> Study of B 2P(2S) i1 oo
» Study of B 2x.; K

» Pentaquarks
» Search for P,”’s in A, 2J/P p i1 decays
» RUN II data will help to determine spin-parity of the
two P_"'s

» The hunt to the next pentaquark 1s open!

>)((:1 p .
»Y(15)2dJd/P pp

>D 2,
»Triple charged pentaquarks

17/05/16, pp@LLHC, Pisa , Italy M. Pappagallo 34 |




r
AMPLITUDE ANALYSES

» Many studies involved b-hadron decays with vectors into
the final states = Multidimensional phase-space

{ Why amplitude analysis are strongly recommended? ]

A
(e.g.) Natural width of Z(4430) (MeV)

_“_

Belle 45 +18_ 30 107+86 . +7 200 *41_, *26
LHCb 172 + 13 +37_34
4 . )
» Broad structures may look narrow(er) in 1D mass
projections.

» Amplitude analysis 1s a powerful tool to probe the quantum
Y numbers and resonant character of the intermediate states. y
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Back-up slides
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’ TR
FIRST OBSERVATION OF A, 2J/VY K p

[LHCb: PRL 111 (2013) 1020(
Why did LHCb arrive first? The decay was not observed before!

\
v J/P into final state—> Large trigger efficiency

v 4 Tracks 2 Large detection efficiency

v’ Large /\, production
\ J

LHCb: JHEP 08(2014)143

LHCb: Chin. Phys. C40, (2016) 011
w 09 p—m—m——r———————r
u-J/Pp SosF  (a) LHCb
= 07k
u+ TR
0.6
0.5F ¥
A, 04F ot
SN AT 03 T
P < i’é P K- 0.2?' R I TTTTrI
: — 0.1F
N p 0:. " M PR S SR ST SH N S S St 1 M —— M
« A 10 20 30

)3]

001
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r
PENTAQUARK P_*

/> Tightly bound
v’ Jaffe, PRD15(1977) 267
v' Strottman, PRD20(1979) 748
v' Maiani et al. PRD71(2005)014028
» Molecular model with meson exchange for
binding
v' Tornqvist, Z.Phys.C61(1994) 525
» Others (postdictions):

\

k v' Rescattering, "Cusps"

/

A narrow pentaquark state challenges many models

Xel J\/'\"‘D\
(a)
PRD 92 (2015) 7, 071502

17/05/16, pp@LHC, Pisa , Italy
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I
HOW TO MODEL A SINGLE TERM

* * * J(K™ %
[Aip,AAM (mKﬂ-, Q) :; ifp AK (mKﬂ')d)\fb’O )(QK*) X € Aw¢d%\¢,A>\u (Hw)J

/

Free parameters

+ ] 1
m,, [, (in case of a new state) AR (m K7r) — —5 5 :
mg — mi... — tmelg

Relativistic Breit-Wigner

i x ' 1 Y LI A N B = [
§ I £ 3: E 1
o 10~ S i £ I
o i i i 6—1-['
S ' 0.8+ o
S 8- [
S 8 [
(0] L L
= 1 0.6 m
s 6 »
s 041
4 i
i 0.2
2+ i
i oL d Di ]
o 1 g1 T 1) S R A S I R Aﬁgarplﬂgram
08 1 {p 14 16 18 08 1 g 14 16 18 06 04 02 0 02 04 06
0 m [GeV/c?] 0 m [GeV/c?] Re(T)
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I' PROBING THE RESONANT %
CHARACTER OF Z(4430)*

[LHCb: PRL 112, 222002 (2014)]

Nominal fit

10

do/dm [rad/0.011GeV/c?]
(o]

m,, [, + complex constant

[ 4 free parameters: ]

| | N L
08 1 12 14 16 18 08 1 12 14 16 18
m [GeV/c]] m [GeV/c]]

Alternative fit
Replace BW amplitude with 6 independent complex numbers in 6
bins of m(¥ (2S)m) in region m [, where m, is the mass of Z(4430)

3-

S [rad]

10 ,
2.5

20

do/dm [rad/0.011GeV/c?]
[oo]

15

[ 12 free parameters ]

1

0.5

s . | L N 0 ' L - L n
0.8 1 1.2 14 1.6 1.8 0.8 1 1.2 14 1.6 1.8
m [GeV/c] m [GeV/c]
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r

N\ * DECAY MODELS %

[LHCb: PRL 115, 07201 (2015)]
[ Two models: Reduced and Extended J No high-J? high-

L = angular momentum between J/P and A* mass states, Al states,

limited L all L

State Jr My (MeV) T'g (MeV) # Reduced # Extended
A(1405) 1/2=  1405.1713  50.5 £ 2.0 3 1
A(1520) 3/2= 15195+1.0 15.64+ 1.0 5 6
A(1600) 1/2+ 1600 150 3 4
A(1670) 1/2- 1670 35 3 4
A(1690) 3/2- 1690 60 5 6
[Ali known J A(1800) 1/2- 1800 300 4 4
A* states | A(1810) 1/2+ 1810 150 3 4
A(1820) 5/2F 1820 80 1 6
A(1830) 5/2- 1830 05 1 6
A(1890) 3/2* 1890 100 3 6
A(2100) 7/2- 2100 200 1 6
A(2110) 5/2+ 2110 200 | 6
A(2350) 9/2+ 2350 150 0 6
A(2585) 7 ~2585 200 0 6

# of fit parameters: 64 146 |
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r
FIT RESULT (1)

LHCb-CONF-2016-004

[ (Both modes combined: p(B,) > 5 GeV/c) ]

[ Fit with signal component ] [ Fit without signal component ]
= 180"LHCb Preliminary (a) [ ciomed s s = 3 180-LHCb Preliminary (a) ] comtinstone =
= 160 — | \:’ Combinatorial — = 160 — —
< 140 | — T 140 =
a E 3 a E 3
2 1201 i — 2 1201 —
S . F S .
= 100 I g 100~
s E N O Lt O L
8 soF 58 sof £
60— + = 60— =
40— L 1 g bt — 40— —
20 PPkl = 20 =
o= ] o= .
= ¢4 = 4
S 2 S 2
a of g 2
-2 -2
-4 . ‘ . ‘ . ) ) ) ) -4
5520 5540 5560 5580 5600 5620 5640 5660 5680 5700 5520 5540 5560 5580 5600 5620 5640 5660 5680 5700
m(Biv?) [MeV/c?] m(Br) [MeV/c7]

No “Cone” cut applied ‘
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r
OTHER “IMPLICIT” SEARCHES

LHCb

m(B'7)-m(B*)-m(n’) [MeV]

JHEP 1504 (2015) 024

1000

LHCb

P 10— e < -
S soof. LHCD - poem Bl o 3 16000
= o 300 [ve)
= 600[B " 200 M %,14000
@ 100 et 2
é 400 0510 15 20 25 30 35 §12°°°
2 200 ' 2 10000
U Z 3
0 8000
= 25
£ - L
0 20 420 60 80 100 120 140 160 188 200
m(B*K') - m(B¥) - m(K') [Me VI B+K+ B+]_'_[+
PRL 110 (2013) 151803
The red histograms, referred
as Wrong Sign plots, are
1implicitly searches for tetra/
oy, 140 . . . pentaquark g
% 120F Ei‘é o LHCD ;%S(xxm (a) ,
C =20] [ - 25
E 100 - 515 = /\
< E 3 1(5>: ] — 0 + + + X 60000 "
S sof £ ettt ki 8 — 3 :
% 603— - } ¢ Sm [MeSV/c2 _b H D H 34“( .
_g 40: + =T .
S E_ A _l' 20000
20 . y | e } oy iy
o a3 SR TR A R NN ok
0 10 20 30 2000

dm [MeV/c?]

PRL 114 (2015) 062004
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| S
SIGNIFICANCES AND RESULTS

[LHCb: PRL 115, 07201 (2015)]

Simulations of pseudo-experiments are used to \
quote the significances:

v' Significance of P.(4450)* state is 120

v' Significance of P_(4380)* state is 90

» Main systematic uncertainty: difference between
extended and reduced fit models. Taken in account
while computing the significances

Mass (MeV) Width (MeV) | Fit fraction (%)

P_.(4380)* 4380 +£8+29 205+18+86 8.4+0.7+4.2

P_.(4450)* 4449.841.7+2.5 39 + 5+19 4.1+0.5+1.1
A(1405) 15+146
A(1520) 19+1+4
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