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The LHCb experiment

IJMP A30 (2015)1530022

LHC has record numbers of b (and c¢) hadrons:
opp 2250 ub @ 7 TeV o0z = 20 X 0,5

Backward

LHCb designed to study rare decays and CP A
violation in b-hadrons Forward

single-arm spectrometer covering the forward
pseudorapidity region 2 < n <5

o (re)

excellent performance:

@ vertexing and tracking:
good time of flight and
invariant mass resolution

SPD + Preshowero—\

( : @ PID for pions, kaons,
sean i | (L . : protons and muons

BEAM 2 @ calorimeter

Magnete—/" J J L Trigger on high-p; lepton or
Tracmng RICH2 ¥ ECAL HCAL MUON hadron from displaced vertexes
c and b-hadrons

ideal place for spectroscopy!
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LHCDb data
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LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2017

B « 2017 (6.5 TeV): 1.45 /fb
| ET P— sl IARR— — « 2016 (6.5 TeV): 1.67 /fb

: : : 5 2015 (6.5 TeV): 0.33 /fb
y | E—— ..................... ........................ ........................ ........... s 2011 (3.5 TeV): 1.11 /fb

2010 (3.5 TeV): 0.04 /fb

2010 2011 2012 2013 2014 2015 2016 2017

Year
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Standard and Exotic Hadrons

Mesons and baryons with other than gg or ggqg configurations are not
forbidden by QCD (as long as they remain colour-less)

Standard Hadrons Exotic Hadrons
Meson Jaryon

Their possibility admitted as early as the quark model was introduced

Volume 8, number 3 PHYSICS LETTERS 1 February 1964
A SCHEMATIC MODEL OF BARYONS AND MESONS * 8419/TH, 412
21 February 1964
M.GELL-MANN o AN SU, MODEL FOR STRONG INTERACTION SYMMETRY AND ITS BREAKING
California Institute of Technolcgy, Pasadena, California 3 )
*
Received 4 January 1964 I
k)
A simpler and more elegant scheme can be G. Zweig
constructed if we allow non-integral values for the CERN~-Geneva
charges. We can dispense entirely with the basic
baryon b if we assign to the triplet t the following *) ron T e CB - 196
properties: spin _lz_, A _%’ and t}a.ryorl\ numberj Version I is CERN preprint 8182/TH. 401, Jan. 17, 1964.
We then refer to the members u3, d-3, and 573 of 6) In general, we would expect that baryons are built not only from the product
the trlplet as "quarks" 6) q and the members of the : e el s
anti-quarks @. Baryons can now be of three aces, AAA, but also from AAAAA, AAAAAAA, etc,, where A

constructed fromy quarks by using the combinations denotes an anti-ace, Similarly, mesons could be formed from XA, AAAL
(qaq), (@aqqq)] etc., while mesons are made out o 5 )
of (q q) (q q a q) etc. It is assuming that the lowest etce For the low mass mesons and baryons we will assume the simplest

b

igurdtion (qqq) gives just the represen- possibilities, AA and AMA, that is, "deuces and treys",
tatxons l 8 and 10 that have been observed, while

— no undisputed evidence yet in light hadrons

INFN : ch —
(% C. Patrignani EMMI workshop, Nov. 6-10, 2017 — Turin 4 \>




Exotic hadrons with heavy quarks

N -
o X (3872) observed at Belle

X (3872) confirmed at D0, CDF
X(3915) [as ¥'(3940)] observed at Belle

il sl e in the past decade a pletora of new

xe2(2P) [as Z(39 observed at Belle . . ~
sl b ey states with constituent heavy QQ

X (3940), Y (4008), Y (4660) observed at Belle

¥ (4360) observed at BaBar . . .

o oo it which is their structure?

X (3915) [as Y'(3940)] confirmed at BaBar

X (3940) confirmed at Belle

Z*+(4050), X (4160), Z*(4250), Z*(4430), X (4630)
observed at Belle

¥ (4140) observed at CDF

X (3915), X (4350), Y,(10888) observed at Belle

xe2(2P) [as Z(3930)] confirmed at BaBar

Y (4274) observed at CDF

X(3915) confirmed at BaBar

Zy(10610)* observed and confirmed at Belle

Zy(10650)* observed and confirmed at Belle

X (3823) [likely v=(1D)], Z5(10610)" ohserved and co

Z.(3900)*, Z,(4020)* observed at BESIII

Z.(3000)* confirmed at Belle

Z(3900)° observed at CLEO-¢

Z.(4020)" observed at BESIII

Y (4140) confirmed at Do, CMS

Y'(4274) confirmed at CMS

Y (4660) confirmed at BaBar

Z.(4020)* confirmed at BESIII

Z*(4200) observed at Belle

Z*(4240) observed at LHCb

Z*(4430) confirmed at LHCh

X (3823) [likely = (2D)], Z.(3900)°, Z.(4020)" confir

Z.(4055)* ohserved at Belle

¥ (4230) observed at BESIII

FP(4380), P(4450) observed at LHCh

¥3(10888) no longer observed at Belle

X (5568)* observed at DO

X (5568)* NOT observed at LHCh

Y (4140), Y (4274) confirmed at LHCh B mesons — and their decay products —
X (4500), X (4700) observed at LHCb

2004
2005
2006 -

“plain”
2007

2008
triquark
model

diquark

2009 - model

2010

2011 4
hydro-charmonium

2012 model

2013

2014 -
molecular

model
2015

2016

AN

copiously produced at hadron machines

INFN ch —
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Exotic or not?

How can you tell if a state is exotic?
not easy and not always straightforward!

Manifestly exotic " Cryptoexotic”
@ quantum numbers not allowed @ mass/width not fitting in
for gg’ or qq’'q" meson or baryon spectra
@ > 3 valence quarks required @ overpopulation of the spectra
@ production or decay properties
Undisputed incompatible with standard
_ _ mesons/baryons

(but many possible exotic states
would not fit) ...endless disputes..

=
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The X(3872)

PRL 91 (2003) 262001

w
[

- BELLE

Discovered by Belle as a narrow peak in J/ymtn™
invariant mass in BT — (J/¢yn"7n~)K™T decays.

w
o

-
o
R = === RN RAREE

N
[

Events / (0.005 GeV)

Well above open charm threshold

i

RSN (VTR S SN SN T U ST ST NS
82 384 386 3.88 3.9 3.92

M(J/ v ntr) (GeV)

©w® o

... yet very narrow: [ < 1.2MeV

— mass amazingly close to the D® — D*9 threshold

loosely bound D — D* molecule?
— radiative decays to JApy = C = +

— JAp ™ compatible with J/i p, yet significant Japnra— 70 (Jpw)
I-spin violation?
— prompt production in pp and pp at similar rates as cc

Extremely difficult to identify as a conventional charmonium state, but

some of its properties look like charmonium
:\\:A?, ': /)
Zis s INFN
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Determination of the X(3872) quantum numbers

CDF PRL 98 (2007) 132002 , Belle PRD 85 (2012) 052003 , BABAR PRD 82 (2010) 011101
1D angular distribution — all JP¢ assignments excluded except 11+ or 2~

;200:—. | 2(; ;"(28) ﬂ | -.70 X(3é72)
. L Jo
5D angular analysis of = 1000~ 50
2 "0%F :
I n n n § 800 1%
B" — K"X(3872) - K" J/Wn'm J: =
- -
é 400 1" .
2 ook LHCb "
Angular correlations in the B™ decay . 3 '
. . . PC S § U sl P PR
chain carry information on the J"~ of 500 800 1000 1200 1400
the X(3872) M(mrd/y) - M(J/y) [MeV]

{2 = (cosOx,cos Orr, APx nr,COS 0/ A¢X,J/¢)
Matrix elements in the helicity
formalism

JPC — 1++

C. Patrignani EMMI workshop, Nov. 6-10, 2017 — Turin 8 \2



X(3872) radiative decays

PRL 102(2009) 132001 PRL 107 (2011) 091803

X(3872) — Y(2S)y: X(3872) - (2S)y:

Predictions: Sz ] G40
B(1(2S5)v) ~ 0 for purel > 10?! ; 30
(¥(25)7) purely = 10 I
molecular state o + : £20
§ MR 0t #0" + u>.|15

inconclusive results from Sl (U I + T 10O

- : 5 ) .
B-factories T 38 385 39 395 97538 385 39 395 4

m, (GeV/c?) M, s, (GeV/c?)

B(X(3872) — p(25)y) x
LHCb: IR R By = BxEemy 5 gpy) 240 £0.64£0.29

(stat) (syst)

41;'* _ %\ ] %&k 4 LHCh ‘BaBar 2009
AT N A

¢ Belle 2011 |

Candidates /(15 MeV/?)

LHC

predictions for pure x_,(2P) state

“CN=36.4%9.0

. LHCh w prediction for pure DD* model
30;

(10 MeV/e?)
.

r predictions for admixture of x ,(2P) and DD*
20 X(3872) - y(29)

[GeV/c?

1T (9S)y Cb -
C. Patrignani EMMI workshop, Nov. 6-10, 2017 — Turin 9 %‘]




X(3872) — pp?

B(X(3872) — pp): predictions for regular charmonia larger (usually) than for
other interpretations
Prospects for X(3872) of PANDA or other pp formation experiments depend

on its value
BT — K™ pp PL B769 (2017) 305

10

— 104 E T T T l T T T T l T T T T I E
2 F LHCb i s
= Z ” N
S 10 n.(15) =
= — -
: _ _
o

210 ey —
2 F =
= — —
O N

B(BT — X(3872)K™) x B(X(3872) — pp)
B(Bt — JiWwK*) x B(J/"b — pp)

<025x107% @95% CL

_— also: measurements of 7:(25) — pp, mass and width of 7(15)

S INFN HCh —
U C. Patrignani EMMI workshop, Nov. 6-10, 2017 — Turin 10 \>




Z(4430)*

Discovered by Belle in BY — (2S)r~ K™
PRL 100 (2008) 142001

PRD 80 (2009) 031104
PRD 88 (2013) 074026

40"

| == J/ymK moments

“ | euee Hal cosh ' ’ :
: ol = V(ES)TK moments

100

Events / 0.17 GeV4/c*

15 16 17 18 19 20 21 2% 53 !?;“ - . 4? - ‘;8
M2 V 2 44 , 4. i
(v'm), GeV/ct M5 (GeV/c?)

not confirmed by BABAR PRD79 (2009) 112001

manifestly exotic: no charged standard mesons with valence cc

C. Patrignani EMMI workshop, Nov. 6-10, 2017 — Turin 11



Z(4430)* in B® — ¢(2S)K+7~ at LHCb

~ 25k B® — (2S)K 7~ with ~ 4% combinatorial background

T )
E 1800 >
Z 1600 LHCD S
—— B
o | N}
g 1400 =
5 1200
2 1000
L

800
600
400
200

signal

sideband sideband

range

5250 5300
L - [MeV]

perform 4D amplitude analysis FRSEEREPINENPEPN):

B’ rest frame

y rest frame A K'rest frame

10°
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Z(4430)* in B® — ¢(2S)K+7~ at LHCb

l'__'._d'atal"'l"'l"'l"
1000 S . owmammza g0 LHCb ] PRL 112 (2014)222002

K (892)
L . Z(aa30r
—— K’ S-wave
—— K,(1430)
—— background
K (1680)
K (1410)

1 M = 4475 + 7132 MeV/c?

[ =172+ 13+ 2 MeV

Candidates / ( 02 GeV?)

o JF=17%
0 oo N )
16 18 20 . 22 @ Argand plot shows resonant
my,.~ [GeV~] :
behaviour

o~ LI BT T R PR N A S5 S S R T TR TR S B T =
N> i :::alﬂt --+- total fit with no Z(4430) | N [T T
L 103 E LHCb —— Z(4430) excluded — <):0 ) [ LHCb b
& E K (892) = £t % ]
S. 5l . 1 of ]
<107 i ]
i 02+ -
O [ | :
% 10 _0-4:_ . _:
= g ,} : _
< 1 _,_;r"".;, i zz_\ikegsroc;und % g Y] S T N S I’). L L I‘7 1
© K.:1410) - e b = e ROe_AZ_

5 1 5 2 '2 5
m2. _ [GeV7]

ch—
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Model independent confirmation of Z(4430)™ in

Check that K~ 7" amplitudes only fail to describe the decay

BY — ¢(2S)K "

K* resonances should contribute to low angular moments, while exotic ¥
would contribute to all moments

Allow relative angular momenta up to £,.x and compare to unreasonably large

emax = 30

Cmax < 4
(S, P and D waves)

Cmax < 6
(S, P, D and F waves)

P —
[*]

> 14000 LHCb
=

r 12000 -

(a

= 10000

o

=

40007  — phase-space -
2000 [/ --- no angular structure .
0 .| PRI ISR SN SR AN SN ST S NN SO S S S '

3800 4000 4200 4400 4600 4800

My o5y [MeV/c?]

< Er Tt
(> ~ -
> 14000 ALHCO g 'H'# g -
s 12000 - o 3 ]
= 10000 - Do -
5 .{, * * . .
8000 - 4.7 -
1000 — K™ model ]
H — phase-space ]
2000 H¢ --- no angular structure g

0 “ o ey ey by

3800 4000 4200 4400 4600 4800

M5 [MeV/ic?]

1

Number of pseudoexperiments

—

Number of pseudoexperiments

=

full mg . spectrum

1

0" E

0k

133¢

————
Data

10

ol

2000
-2ANLL

full mg ., spectrum

80c

—
Data
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Exotic(?) states X — J/i ¢7?

Many experiments reported states decaying to J/vo:

PRL 118 (2017) 022003

PRD 95 (2017) 012002

X(4140) and/or other higher mass states in B decays, but also v+, double cc.

X(4140) ?

-]
®a(380

CDF 2008

312 13 1.4 161
AM (GeVie?)

1.1 1.2 1.2 1.4 1.6
M KK ) -miu ) [GeVie®)

CMS. (5= 7 Tel, Laf.2 ib™

0 Mal

£./CMS 2013 i

Events | [ 0.0 Gevie’)

% 4 14
- 1 1 1 |
!
«E 190 s S +
4 [T
L] < |
Lls] 4 [l |
[ ] | 1 T
I s ULl
areltr 1 ® AT e
4 F 118 4 ¢l
& * -
|
) L)

Belle 2009 (unpublished)

Weighted candidates/(1 MeV)

o 3(542?4) @ 300

2ol ) ~”3 10CDF 2011

%a oL ’ _(:JPpublished) 200
4

é . 100

(3 o

(o
S
S

500

$(1020)

1000 1010 1020 1030 1040 1050 1060 1070 1080 1090 1100

,E : Bo i r m.u‘-q-ﬁ].,. [Me¥] m K*K [MeV]
= % mig, | BaBar2ome Z 400 L 3+ 4,289+151
3 < 350 23 4+ 6% ‘ signal events
D@ Runl, 10.47b" +Data (€| ; 8
%60; | —Full Fi —C':S 300 bkg LHCb
= | D0 2013 - x414c, S
840 1310 | --Xu4s) & 250
= | ”" [y~ e S
e\ AT o
T oden™ 150
100 = ‘
The LHCb sample of BT — Jip ¢pK™ from so FRAPTRRRIE LT T Vg ¢
. S|debanld | §5|deband ;
Runl is the largest analysed so far 0L v ———
My ok [MeV]

)
| INFN HCh —
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BT — Ji oK™ Dalitz plot

S o3f o
[0) - Wi e de
O, = -.i““"'?"?;?- i:‘;g-\' A
$ o AN
I A T A
S B b aMARE ot b it
= R Uy R o N ) P o = -
21-_ ;"' .“‘.:‘\‘ "‘:..%’ " -.."-'; .x‘t:‘;’ - o' ‘;4 L
- “'iig P Bk SRR e L
= 3 pyﬁi.}' ::.-ix :'.._‘(, a-._;. p?y. :.ﬁ %
20 LN et R s e TR s
FRR = B AL TNE O
: SR SCAR s P
19~ ’.‘:":'*‘ ﬁ?f‘m ’.'f.'-*.:.-'@,:. - o Wz\z_ LY -‘;ﬁ
: G A SR L GO o L
: A W) .f,g.’*”?#hlzﬁ*. ,4-2}% o
18f= SR L VL R R ok A R L LAy
- S e U Alep e WL Ml a2 AR
- e ,‘G '}.i"" KA AR 2
= S VNS R
17 SN AT
™ Il l a a ] A I 1l Il B I I I n n 2 I ] 2 o 1l I 2 i 2 Il
2.5 3 35 4 45 25
nmj x [GeV7]
~ 300
> C
g N
= background subtracted
o 250 LHCb
g B —&— and efficiency corrected
= r
2 200
= N
g =
2[) =
wnn 150
100}~
501
0: | N AT U R B

1400 1500 1600 1700 1800 1900 2000 2100 2200 2300
m, « [MeV]

)
INFN

PRL 118 (2017) 022003

PRD 95 (2017) 012002

S [
é-’ 120~
= - LHCb
% 100__ background subtracted
E - |J| —#— and efficiency corrected
= sof |
5 B H l 11 [ [
o= B I | |
i 60__ + * I [
- || o
40—
B I [} :
I
20—
: 1 Iy
| R B BRI RN R . N R (A

4100 4200 4300 4400 4500 4600 4700 4800
m,,,., [MeV]

All previous results based on 1D
projections

Need to understand reflections of
interfering higher K*

) ch—
(_  C. Patrignani EMMI workshop, Nov. 6-10, 2017 — Turin 16 %‘]



PRL 118 (2017) 022003

Amplitude fits PRD 95 (2017) 012002

6D fit including K™ resonances +
interfering NR background
(0™ not allowed)

B' rest frame

oo O

Experimental knowledge + predictions % / R~/
: : K rest f
to choose the states to include in the el igers Fe e
model 1-4 complex helicity terms per K*
#*n, 2D,
% 100k : =N I't, .
= E. 35— 2P, 4 5w = Z F
= 2000P3'S;— 2%p, 2 A I"F; P S - —=— data
o i — =7 1"D, D, e - B —e— total fit (K*s)
< 1800 £ 2 5 - 8 5 F . -
=wbl g Iifor & Zio0f  LHOb M IH background
1600  2°§— S FF K2 = - ‘} |
S v 2 wf \LH +
1400 0T © 1 E% |:||$ 2 & - '*H k
» 2 = =3 _ 52 E L
200 z = g 55 % 60|~ Mﬁo
- - i I:PQQ' Godfrey-Isgur, - + **l*.*
1000 " “ 2 PRD32,189(1985) 10f- + +++
wf- 8 % Established oF .. i
oo Unconfirmed F 4
P e N B P B 074100 2200 4300 2400 4500 4600 4700 4800
0 1 2 3 I my, ¢[MeV]
F oI 1 o727 1553 2%
masses and widths not constrained K™ resonances alone don't describe data

)
INFN : ch —
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PRL 118 (2017) 022003

Fits allowing exotic components
PRD 95 (2017) 012002
S  dam
= K —— oalR
S ¢ + —— i, Add X and Z* components with
E SR — ;K1(1793]
N e K,(1968 .
£ 250 #H’* *} ‘# }i —— 3;2{(11;?::#8201 various quantum numbers
: e £ | o
N = Txé140) Z" components improve fit marginally
+ = T X(4274)
Soreecs 07 X(4500) .
o B e U iicacl < Two 17" and two 07" states with large
100 significance
50 LHCb Contri- Sign. Fit results
) ,,,_ Jﬁﬁ«‘.‘."-”n{ bution  or Ref. Mo [ MeV | Tqg[ MeV | FF %
O = 'q_.ft*f S S ]
1600 1800 5000 2200 2400 All X(17) 16+3 *§
m, . [MeVl  x(4140) 840 4146.5+45+40 8342172 130432747
_ ave.  Table 1 4147.1+2.4 15.746.3
> X(4274)  6.00 4273.3+837172 56+117F,° 71425132
= F CDF 26) 42744737 +19 3277248
o 120 + * S CMS 23] 4313.8+5.3+7.3 38130 416
2 - All X(07) 28+ 5+ 7
5 F NRyjye  6.40 46+11 *11
T _F + X (4500)  6.1c  4506+11 113 92421750 6.64+2.4755
8 °“F X(4700)  5.60 470410 F13 120£31+32 1945 9
60
woF Significance of J°© = 17" incl. syst.:
X(4140): 5.70 X(4274): 5.80
20 C g :
' Significance of J°¢ = 0" incl. syst.

o ﬂgo 47%0 ﬁnoeov] X(4500): 4.00 X(4700): 4.50

INFN ch —
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pentaquarks

PDG1974

S=1 [=0 EXOTIC STATES (Z;)
chbiis SRR FIVSLARE SASIAGIY SASMINSES WoUMSAS MbASESAS SEEEIYS EXOTIC BARYONS

HEEEEE FERFEREEE BRERER RN FAEREEEET BAREEEEEE FERERENEY EEEERARRE SRREOAES

Minimum quark cantent: @% = uvodds, @ = ssddn, ¢ =ssuud.
20(1780) G5 Iw0(LFEE, JP=liEe) [eD Pﬂl

SEE THE WLMI-REVIEW PRECELIWG THISE LISTING,.

-> WILEOW 72 AND GIACOMELLE 74 FIND SOME SOLUTIORS p ,
WITH ROSOMANT=L [KE DEOWAW ISR TH THE POL PARTIAL WAVE. , o]
THE EFFECT SEEN IM THE [=3 TOTAL CROSS SECTIGAS, 6(1540)-'- . :I = U(? )
IF A AESCHANCE, MUST WAVE SPIN=1/3, NECAUSE THE

TRELASTIC CROSS SECTION [3 WERY SHALL AND THME TOTAL
CRADSS SICTION 15 ABOUT &K&PI/Keaz,

It is ditficult to deny a p acein the Summary lab es far a state that six

N i o N N WSO NSRS WO

R —— experiments claim to hawve seen. Newverthe ess, we believe it reasonable
" 1780.0 10.0 cooL 70 CHTR + ®4P, D TOTAL 1471 Lo have some reservalions aboul the exislence of this stale on Lhe basis
W oo SEEN LOWELL 70 CNTR K+PsD TOTAL 1410 =
o0 SEE AL 50 DISCUSSIOM OF LYMCH T0 7470 af the present ewvidence,
oW [A800. b WILSON 72 Puk KeM FOL WAVE 34TE P D 2004
M W ESTIMATE OF PARAMETEAS FACH BW + GUADRATIC BACKEROUND FIT TO Pol. 3472 e . Y. ‘ ;
L L1758, CAREILL 73 CMTR KW [=0 TCS5«FIT 1 5473 Manss m 15392 + 1.6 MV
" 11R25. b CARRDLL 73 CMTA KW [=0 TCS.F1T 2 4473 . . .
M L FIT 1=FIT @F SINGLE Lwl BWeBACKGRCUND TO T=0 TCS FRADM .&=1.1 GEV/C  G/73 Ful waicdth T = 090+ 0.30 MeV
M 1 FEIT Z«FIT OF Lal 840 L2 BWS TO SAME DATA.SEE Z0{18458 FOR Lm=z PART /T3
L] LERE 1" ] GlACCHEL L} PR a3B=1.81 GEWSC Oy Taw . )
e e NOK s the anly strong decay mode dllowed Tor @ steangeness 511 resn

i Bord thies mosy

QY IECILTRO) WIDTH (PFEV)
" 1565, 0} coaL 7O CNTR = KeP, D TOTAL 111 4
L] L (2000 Wil L50N T2 FHA E+4 POL WAVE arrz - i ‘ 1
Wt 1530, b ' CARROLL 73 CATR Kk [aD TES,FIT 1 %73 ©(1540)F DECAY MODES Fraction {I; /1) P {MoMic)
L) i [£.L1 29 ] CARROLL T3 cuTR KM =3 ToE.F1T 2 9773
W 1560.1 CIACOMEL 74 Pelk . 38-1.51 GEVWAL  10/74%

N a0, 270

z BARYONS P D G 1992 Citation: W.-M. Yao et al. (Particle Data Group), J. Phys. G 33, 1 (2006) (URL: http://pdg.Ibl.gov)
(S = +1)

@(1540)+ /(JP) = O(??) Status: X
PDG 2006

NOTE ONTHE 5 - 41 BARYON SYSTEM
The evidence for strangeness + 1 baryon resonances was OMITTED FROM SUMMARY TABLE

reviewed inoonr 1976 edition,! and has also been reviewed by PENTAQUARK UPDATE
Written February 2006 by G. Trilling (LBNL).

Kelly* and by Oades ? New partial-wave analyses™ appeared

i PR aned T9RG, and both claomed that the g and perbaps

cther waves resonnte. However, the results perpt no defite .
’ . ’l il g PRI AN In 2003, the field of baryon spectroscopy was almost revo-
conclosion  the same story heard for 20 vears, The standards L . - .

: : lutionized by experimental evidence for the existence of baryon
of prool must simply be more severe here than in a channel . .
in which many resonances are already known fo exist,  The states constructed from five quarks (actually four quarks and

) im about baryons not made of three quarks, and the an antiquark) rather than the usual three quarks. In a 1997

’NFN FLITY  EOARIR] ]ll]'.ll'l.-\.ll <10 El\ I.‘]. ¥ il1 s’]ll.l?* 1 Uoh l‘l[n'l%ﬁ.'.' l= }l{\.( %\ . Cb =
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:
Ay — J/pK

This decay mode, not observed before, found to have large rates and low
background

Used to measure the Ag lifetime with 1 fb~! collected in 2011

PRL 111 (2013) 102003

> 7000F =
= : LHCb n .
¥ 6000F E
Clean signal of 26,000 candidates with 5.4% g 5000F E
. . . = 4000 =
background within =20 in the whole Run 1 " ook ] E
~1 ; i '
data sample (3 fb™") 2000 3
1000F- J K‘ 3
< ' ' ' ] 05500 00 . 5700
ads E Mykp MeV]
O i
B3 E ... but the Dalitz plot has
A | ]
22 . unusual features:
201 : vertical bands for A*'s
°F Horizontal band?7??
1] e rr————
2 3 4 5 6

m2, [GeV?]

ch—
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Dalitz plot projections

< 3000
L -
o 2500F @ LHCb
Y n
D C
£ 2000f
o -
|_|>J C —=—data
1500
E — phase space
1000
500 F
PR N T N N TR TR TR NN T NN T N W Tt
14 16 18 20 22 24
my, [GeV]
many A* = Interference!
(@) C 1/
b T
0
Ab u

PRL 115 (2015) 072001

800

600

Events/(15 MeV)

400

200

L L L L L I L
4.0 4.2 4.4 4.6 4.8 5.0

my.p [GeV]

reflections from m(Kp)?
or exotic resonances???

(b) S
(3}1(

W
b cl p

Agup,_*‘_’_ﬁPC
d#  — |
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Amplitude Model

Six-dimensional amplitude fit: invariant mass, three helicity angles and
two differences between decay planes. Allow for two interfering channels:

A9 = J/opA* A9 = PFK—

A, rest frame o

A, rest frame

Y rest frame

P rest fra7 7//

1 rest frame o= —
1ab frame lab frame

State JE My (MeV) Ty (MeV) # Reduced +# Extended
A(1405) 1/2=  1405.1713  50.542.0 3 4
A(1520) 3/2= 151954+ 1.0 156+1.0 5 6
A(1600) 1/2+ 1600 150 3 4
A(1670) 1/2- 1670 35 3 4
all known A™ resonances (Extended) A(1690) 3/2- 1690 60 = 6
or A(1800) 1/2~ 1800 300 4 4
. . A(1810) 1/2F 1810 150 3 4
just well motivated (Reduced) A(1820) 5/2+ 1890 20 ] 6
A(1830) 5/2~ 1830 95 1 6
Angular distribution in helicity A(1890) 3/27F 1890 100 3 6
formalism A(2100) 7/2° 2100 200 1 6
A(2110) 5/2* 2110 200 1 6
A(2350) 9/2* 2350 150 0 6
A(2585) 7 ~2585 200 0 6

ch—
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-
Amplitude Model: results

Two exotic states are required to obtain an adequate fit

> 2200 —a— data
background

(o] a

= 1800f ¢ @  LHCb —e— P,(4450)

Interference between two P, of

opposite parity required to explain the The P. parameters from the
P. decay angular distribution "reduced” fit are
c decdy ang P,.(4380)* P, (4450)*
s F —— Combined P, 7P 3= 5F
3 | — P,(4450 2 2
Saf CP +p°24380; Mass [MeV/c?] | 4380 £8+29 4449.8+1.7+25
K il 09°0 2051 Width [MeV/c?] | 205+ 18 + 86 39+ 5419
R =N TELED 800 Fit fraction [%] | 84+0.7+42 41+05+1.1
% Significance 90 120
o L G4
F Y significance from pseudo-experiments
w07 . (includes systematic)
N The combined significance > 150
-1 -0.8 -06 -04 -0.2 0 02 04 06 038 1

cos(8,)

ch—
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PRL 115 (2015) 072001

Resonance?

Real and immaginary part of the amplitude determined independently in
6 bins between M —T and M 4T

Q‘:‘ 0.15:1llllllllllllllllllllllllllIl[llll!lllllllllIllll::llllIIIIIIIlll!lllIIIlllIllllll|l||||lll|l|l'llll:
< -
0.1F + (b) ; -
E k ;
0.05F =+ : p— 2
OfF--------ff---mmmmmmee e f-rm - e St EEEEEE T ]
C ' ] E
-0.05[ - 4 -
C P.(4450) : ] ' Z
0.1 ' e P.(4380) s
C : 7 " ]
-0.15 : e =
02f 2 2
-0.25F : —+ -
'LHCb + :
_03 :Illllllllllllllllljl |jlllllllllllllllll Illll::ll | Il I IIIIIII'I IIIIlIIIIlIIIIIII
3335 0.3 025 02 015 01 005 0 005 01 015 -01 005 0 oo5 01 0.15 0.2 025 03 0.35
Re Ak Re A%

The P.(4450) amplitude shows a phase variation consistent with what
expected for a Breit-Wigner resonance

Not conclusive for P.(4380)

)
©INFN HCh —
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Model independent analysis of A? — J/¢pK~

The Ax spectrum is the largest systematic
uncertainty in the P. observation

The NR K™ p component could have non trivial

mass-dependence

Model independent approach: no assumption
on A*, 3 or NR structure

Only restrict maximum spin of A™ component
in each interval of Kp invariant mass

p—
o
(=]
S

800

Yield / (20 MeV)

5
My o [GeV]

[MeV]

m

1800

1400f

Theory predictions for A*
Well established A* states

PRL 117(2016)082002

2600}

& 2400
2200f

2000f

1600

4

L

r —]TIylow-spin

RN
|1l
1l
|

states at low masses

1200f

| S Loy

1000 ——

Y
[\

YIS

> 9+

7 -1t
2 2

2 u
2

NI

ro
+
[RSTE |
+

1 I 1 1 1 l 1 1 1 I 1 1 1 I

4 6 8 10
l m

Compare m(J/vp) in data to MC
weighted as to reproduce A* — Kp
reflections based on angular moments

The hypothesis that data can be
described by reflections of Kp
structures is excluded at 9o
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Search for exotics in AY — J/vpr—

Cabibbo-suppressed — observed by LHCb BEEBEGIAPINEIRTE!
B(Ay — J/ypr”)

= 0.0824 + 0.0025 (stat) & 0.0042 (syst
B(AY = J/UpK ") . R

Observing the same P states in a different decay mode could indicate
they are really resonances and not some kinematical effects
Wang et al; PRD 93 (2016) 094001

Cabibbo-suppressed A% decays to baryonic exotic resonances

WY& g1m
u P %
“2@%& R P —

are predicted to have Cheng, Chua: PRD 92 (2015) 096009

g
® 4

RS R &, 01 6

—
=‘I

e OO0

B(A? — 7~ P+
R, /- = A5 > C+) ~ 0.07 — 0.08
B(AY - K—P;)
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:
Ay — J/bprm

Similar candidates selection as for Ag — J/yYpK ™, with additional vetos for

specific background sources (B° — Jip K n™, B = JAWKTK™, A — K'r1™)

~ T 1 T = 5 E T ]
C = 30 - —
3 s00F = S F e (a) LHCb -
I PPN, = 1880 + 50f { —Fit : oS 2F E
3 FE s EY e : . e, ke
£ 300F Signal = 24 :
2t = 2 ;
000 b E 20F- 3
100 pet 2 7 g > 18| -
of L - 16 . . L

5:5 5.6 : . 4 6
My pr [GEV] mZ, [GeV?]

No striking features in the Dalitz plot, perform amplitude analysis
0
Ay — Zp
As in the CF mode, six-dimensional fit S A,test frame o o
to interfering amplitudes. In this case: Qe —3

@ A} — J/YN*

. L Z.(4200)" — J /i o
@ A, — Pcm reported by Belle in #7 7 7 rest frame P N/
_ B° K
o N) - Z p = JyKm A,

PRD 90 (2014) 112009

lab frame

)
J INFN ; ch—
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Amplitude model fits to A? — J/+pm

Include in the fit

State JP My (MeV) Ty (MeV) RM EM
NR pr 1/2- _ _ A A @ all known N* (Extended)
N(1440) 1/2+ 1430 350 3 4 .
N(1520) 3/2- 1515 115 3 3 (] Only well motivated (Reduced)
N(1535) 1/2- 1535 150 4 4
N(1650) 1/2- 1655 140 1 4 All L allowed
N(1675) 5/2- 1675 150 3 5 o _ _
N(1680) 5/2* 1685 130 0 3 Limited sample size: fix P. and Z.
N(1700) 3/2" 1700 kel . parameters when testing if their
N(1710) 1/2+ 1710 100 0 4 ) _
N(1720) 3/2* 1720 250 3 5 amplltudes are reqmred
N(1875) 3/2- 1875 250 0 3
N(1900) 3/2+ 1900 200 0 3 =l e L R b
N(2190) 7/2- 2190 50 0 3 210k . RMN*+Z,42P, il
N(2220) 9/2 2250 400 0 0 } MoMsncnialln:
N(2250) 9/2- 2275 500 0 0 g:i S PL(4450)
N(2600) 11/2- 2600 650 0 0 sl e P,(4380)
N(2300) 1/2F 2300 340 0 3 z e Z(4200)
N(2570) 5/2= 2570 250 0 3 B
Free parameters 40 106 >~ 10 - =
The m(pm™) projection is adequately
described by fits with N* only 1

Exotic components seem not required

e but in a 6D fit differences may manifest only in restricted regions

INFN HCh —
N C. Patrignani EMMI workshop, Nov. 6-10, 2017 — Turin 28 \2




PRL 117 (2016) 082003

Evidence for exotic components
in /12 — J/pr~

The N*-only (extended) model does 150
not describe data in all variable space - oty .
4K ol
The reduced models with exotic < o
(2 P. or Z., or both) .
have acceptable fits in all variables
150 LHCb

The si.gniflcance.(including syst) for 100 R
2P. without Z. is 3.30 4% P(4450)

oo o “ >3 P(4380)
None has individually large significance. i - A S Z,(4200

States Fit fraction (%) 1s0F ¥ 3
P,(4380)T 5141512 lomm%_. A :
P,(4450)* LGk oF cosd,, 1 n H

Z.(4200)~  7.7+2.8754

4-.:. bk --. ; .. CS . ks °F ¥, . ;;)d
Ratios of CS/CF for exotic components compatible with 0.07 — 0.08 (albeit
large errors!) Cheng, Chua PRD 92 (2015) 096009
R, - /x-(4380) = 0.050 £ 0.01610528 & 0.025 . B(AY — 7~ PF)
~ R, k- (4450) = 0.033% 9 015 0.000 = 0-009 T T B(A) > K- P

| INFN HCh —
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P.(4450): resonance or kinematical effect?

The P.(4450)" lies just above the ., p threshold

could be explained by kinematical fow
rescattering effects A
MeiBner et al. PLB 751 (2015) 59 "

Guo et al. PRD 92 (2015) 071502

with current statistics the Argand plot cannot
resolve the issue

ol LHOb Data

0.0} - -- - - - -]

-0.3[ Rescattering predictioril

-0.3 -0.2 -0.1 0.0 0.1
Re A’

Rescattering would not explain
a narrow enhancement in X p

A0
""11)

b

u

d

|

JJ/L‘-* (Xe1(2))

- > ¢
(&
-
\\

S

> u A

> d
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PRL 119 (2017) 062001

- 0
Observation of A; — X, ,pK decays
Reconstruct the x, ,pK final state with xc, , — J/ipy

c/\;\ 200 A
— ~ 180
o Dataset: 3fb~" E 10 #
@ invariant mass of J/1)~ constrained to v 1‘2‘8
. . =
o signal for A} — x,pK shifted at o 28 285 + 23 1
lower mass - 40
@ large significance for both modes 20 AN
0 b1 R (o AN B
e 29 for /12 — Yo PK 5450 5500 sssf 5600 5650 570!
B 2
o 170 for A) = xo,pK m(x pK ) [MeV/c’]

B(A(t)a — Xca1pK ™)
B(A} — J/¢¥pK™)
B(Acl; — Xc2PK_)
B(A} — J/¥pK™)
B(Ag — Xc2pK ™)
B(A) — xapK~)

= 0.242 +0.014 £ 0.013 4+ 0.009

= 0.248 £ 0.020 = 0.014 = 0.009

= 1.02 = 0.10 = 0.02 == 0.05,

LHCD —
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Pentaquark multiplets?

Narrow (I' ~ 10 MeV) strangeness hidden charm pentaquark predicted at
4650 MeV/c? Chen et al, PRC 93 (2016) 065203

expected to decay to J/ip A

possible diagrams:

b > > C b > > C
2/ -1/
W“»\<::§} ) W?M<::§
=5 () T E a4
Uu u
d > > d}/l(p) <:a B
S > > S S > > S}K

E; o JWAK e A — JpbpK

. contributes only to = decay
replacing u & s

S INEN LHCH —
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S
Observation of =, — JY AK

: -+ Data

Data sample: 3 fo~1 40| — Total fit LHCb |
L - 2 signal
—_ . LK LL |
Search for =, — J/ip AK with A — pK vertex L Comb. bkg. 99+ 12 -
b o200 S
reconstructed = _
§ é . , ‘ H é"_‘#
(LL) within vertex detector e F B e
(DD) downstream of vertex detector =80 209 = 17,
Z60[ DD
. . . S

Constrain J/ip and A invariant masses s0f ]
Measure branching fraction relative to 20 e THYM £ .

A9 — Jpp A S .

—
(-

5700 5800 5900
m(J/wAK") [MeV/c2]

f=- B(2; = J/YAK™)
B(A9 — J/1pA)

= (4.19 £ 0.20,0¢ & 0.15y¢) X 1072,

b

f.: fragmentation fractions b — =, or A},

ch—
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Conclusions: tetraquarks (and tetraquark candidates)

@ X(3872): already a wealth of results

@ quantum numbers

e Mass (and width?)

e radiative decays

e p: dependence of prompt production

o other decay modes? exclusive production in other than B*?

@ Z(4430)"

e confirmed with both amplitude analysis and model dependent
approach

e resonant behaviour

@ quantum numbers

® BY = JWpoK*
o 4 Jhp ¢ structures

LHCD —
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Conclusions: pentaquarks

@ Observation of P.(4450)F and P.(4380) — Jipin A — Jhp pK™
from both amplitude analysis and model independent approach

e ccuud — pentaquark!
o resonant behaviour of P.(4450)F amplitude
e resonant behaviour inconclusive for P.(4380)*

@ Evidence for exotic hadrons in A} — Jap prm™

e compatible with P, states in different decay mode
e amplitude analysis limited by sample size

@ A} = xcpK™ and =, — JWp AK™

o investigate new P.(4450) decay modes and search for further
pentaquarks
new decay modes observed
e might have sufficient statistics for amplitude analysis by the end of
upcoming data taking

Still a lot to understand — and a lot of data at LHC!

already on disk and more in the near future

S NN rHCh —
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X(3872) production in pp and pp collisions

Origin from B decays or primary interaction (" prompt”)? Compare to cC

pp collisions (Tevatron):

P

S000TCDF Il 1400 EPE
1300 N\
25007 1200 ' t
5 | 1100 4 y h L
22000 1000
2 900 M
§1500- 380 385 390 395
©
21000
S
5001 / *
0

RL 93(2004)072001

[N

3.65 3.70 3.75 3.80 3.85 3.9023.95 4.00
Jiyn*n Mass (GeV/c")

PRL 93 (2004)162002

Candidates / 10 MeV/c 2

N

[=23

»

00-DO X(3872) w
0o
I s
00+ =
i g“}ﬂﬂﬂ*
00_— 8
i M, (GeVic)
P RS B S B A SR
066 07 08 0.

9 L1
M . (GeV/ic))
Wi

[ThTe o

pp collisions (LHC):

EPJ C 72 (2012) 1972

3800 3900
M(JAy = ) [MeV/ic?]

J/iyrtn candidates / 4 MeV

JHEP04 (2013) 154

5[ Y
> L 1 ' ] cMsS N5 =7 TeV
= 100__ |.T 10<pT<50GeV k;;.ﬂ&fb
f ’ lyl < 1.2 —total fit
Py BO_— \ ---background ]
2 B T‘ --signal ]
3 I |
2 6o i :
1] B ’ é
o 40_ |T E
L : 2 i
I 4 | © 375 38 385 39 395 4 i
: 1LY mJy x°x) [GeV]
20 7’) :
olon A T T T
3.6 3¢F 3.8 3.9 4
mJ/y ) [GeV]
JHEPO1 (2017) 117
G
0_20§1Q ——— ST A@TEL Aas
o $ Data 224_—'—'_EXPE5]MENT
=Fit 2 oot B
015 —X(3872) Sig }_;20_ ]
) —y(28)Sig B 4
==Background § 18= i i ]
0.10 :
0.05¢
0.00- Y T—

.3.7. -

38 39
m(JAyr'T) [GeV]

prompt production rate too large for purely molecular state
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B2m~ spectroscopy

D® reported observation (5.1¢) of a tetraquark candidate X(5568)" — BYx™
with ~ 5500 B? signal events reconstructed in Jip ¢ PRL 117 (2016) 022003

120

- B DO Run II, 10.4 ft' +
R0 , DORunll, 104 o' Yo P + +
- () -
v o N AL
(&) 3 o 80 [~
= 1500 [ 2 I * ﬂ ﬂ J( H Hﬁm
s 5 § 60 — + +
S ;
S 3 ol [
o 1000 T : 4 ' E:z\(h background shape fixed
[75) $ L 9 p
-.E :_ 20 __ / -------- zfacnkaglround
g 3 C + T ’
@ 500 055555 56 565 B7 575 58 58 59
Z S k@ A m (B mt) [GeV/c?]
0::. sz b 5 0= NX:133:|:31With7T+inaconearounng
28 5 5.2 5.4 5.6 5.8 6 % -
m (J /W q)) [GeV/CZ ] 5 i ; a) DO Run II, 10.4 fb
% 70 % Ellt\;?th background shape fixed
m = 5567.84£2.9 (stat) 799 (syst) MeV/c? = -
_ ‘ e\ 5.0 2 £ 50
' =219+ 6.4 (stat) "5« (syst) MeV/c B 0 \/m < 0.3
- . 0 _|_ . E e
with a large fraction of B, from X(5568)" decays: ZwE I
o o(pp — X + anything) x B(X — BIr) 20 f
kb B O—(pﬁ — Bg + anything) DOAcc. e g—
= (86+19+ 1.4)% S R VR % A TR
m (Bs 1) [GeV/c?]
Unique state with four different quarks bsud
B rrch
“5. 7 INFN HCD —
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:
LHCb: BP7r~ spectrum

Large and clean B2 samples reconstructed in Jip ¢ and Dyt
Constrain J/1p and Ds mass to improve resolution

é 6000F E E’ 120001 - LHCb -
o 5000F 1 e " k BY s g ¢ E
% 4000F E E,’ 8OOOE_S/NN 50 : E
g 3000 E_ _E g 60005— _E
.g 2000 g— —g .8 4000 E_ _E
&S 1000= 4§ 2000- | E
5300 5350 5400 5450 5500 5550 5600 5200 5250 5300 5350 5400 5450 5500
m(D: 7+) (MeV) m(J/y¢) (MeV)

pair 7" from primary vertex with a displaced B’

9 S00E 0 -01 imed X(5568) state o <o F - 3
© aof LHCb p (B)>5 GeV 43, F LHCb p (BY>10Gev [HHcumeaxesmome -
E 700;— DCombinatorial _f = 2505_ DCombinaton'al _:
~ 600E- : : i 1 2 o0 } —
-~ E Z c + {'
0 500F + §= o -
Q g Tt 3 @ 150 1
© 400 =R - 3
S 300 = T 10 L
T 13 E =
c 200:_ 4 C C 3
o E 9 @ 50— -
QO 100 10 C |
of = ]
% ‘21E ................... spesssressenusenen frommeree- free ;{.'..............—. — 2:_“"_““"________________ e
: [
o _gi i i ’HHEHE i T YT Jﬂ* il a o : ! ; !
D e 2 e P TR L Rk AN O O bt
5550 5600 5650 5700 5750 5800 5850 5900 5950 6000 -4 e 6&,0
0.,
m(Bgr) (MeV) m(Br+) (MeV)

Fit spectrum with and without a narrow resonant structure.

D) no signal = upper limit
INFN LHCH —
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-
LHCb: no evidence for X(5568) — BYm™ S SR

Set upper limit on the BY production ratio (including systematic)

raen . o(pp — X(5568) + anything) x B (X (5568) — Bo71*)
Px - o(pp — B? + anything)

Set UL as a function of Mx for different values of [ x and different values of
the minimum transverse BY momentum

D T T I T Bl I L I L B | I L l LI I T 1 1 7T I L I L B I | I T 1 T 1 l
%:) 0.05— e 90% CLUL;T=10MeV =:©=-: 90%CLUL;T=40MeV _]|
3 X - smme== 90% CLUL; =20 MeV =isi=: 90%CLUL; =50 MeV ]
QU 0 042_ s 0% CL UL ; T =30 MeV =
E LHCb p_(BJ)>5 GeV -
0.03 =« Aeiasn, - i —]
L a R4 ) Iy —
- 4 e gusd b ’ T
0.02_— R : ) '.' —]
0.01 . ; =
=

5550 5600 5650 5700 5750 5800 5850 5900 5950 6000
m(X) (MeV)

for the X(5568) parameters reported by D@ and different values of the
transverse B? momentum the limits are

pEHCD(pr = 5QeV/c) < 1.1 (1.2)% at 90 (95)% CL
pLHCD (5~ 10 GeV/c) < 2.1 (2.4)% at 90 (95)% CL
pEHCD(pr = 15Cev/c) < 1.8 (2.0)% at 90 (95)% CL

ch—
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Extended Model fits to A? — J/1pK~

The extended fit without additional exotic resonances describes well the
K~ p projection, fails to describe the J/vp projection

2200 —a— data 800
— b —e— total fit
a LHCDb background 700
- 4 (@) C --op-- A(1405)
0o " -3+ A(1520) -
- -~ A(1600 &
> : A§1670; =
Q 1400 2
< MOOE" v 0 ke A(1690) = 500
P --3-- A(1800) T}
= 1 < A(1810) < 400
@ 1000F & -t A(1820) @
9 : -
= % v AU1580) G 300
S soof ~a- A(1890) 4
W o & --&-- A(2100) w
& e A(2110) 200
260 : ---se-- A(2350)
A(2385) 1
200 =
B SO o
1.4 16 1.8 2 2.2 2.4 2.6 9
my, [GeV]

% 2200 t —=— data_
S 2000 —e— total fit
background
To) a
= 1800 § e LHODb = P
= ] - A(1405)
[72]
E 1600 & =={m3== A(1520)
G i A(1600)
Ll>_l 1400 in A(1670)
& weoye- A(1690)
1200 --3K-- A(1800)
: ! -eFre- A(1810)
1000~ 1 8 <-tee- A(1820)
3 wev-- A(1830)
RAg . 'ﬂ, weede-- A(1890)
600 ¢ e A(2100)
: i ) ---fe-= A(2110)
400, weedenn A(2350)
-e-4-- A(2385)
200,
N 26
my, [GeV]
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PRL 117 (2016) 082003

Fits with and without exotic hadrons

The amplitude model without P. or Z. amplitudes may appear adequate in the
projections, but exotic components are required for an acceptable fit in all
regions of variable space

All events myr > 1.8 GeV

£ B e £ = BB R A
Sk @ LHCb ] 2 40F LHCb
> r 1 = 35¢ c
120 1 K30 r
St : J o= = —=— Data ]
=100 1 & 25F —+ RMN*4Z_42P, =
= 1 2 F o EM N* Fit .
;_ﬁ 80 g -;_3 20 SN P(4450) £
D a I Sa P(4380) ]
601 E 15 3 e Z,(4200) E
40F 1 10 E
20f 13 E

45 5 55

m ., [GeV]

Differences in a six-dimensional fit often manifest only in restricted regions

A

7 INFN ch—
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Fit projections A? — J/1pK~

Reduced fit +2 P. describes data well in all fit variables, also in restricted
variable ranges
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Efficiency and backround A — J/vypr~

m2, [GeV’] | m2, [GeV’]

Figure 7: (a) Signal efficiency and (b) background distribution on the Dalitz plane.
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Fit projections BT — J/p oK™

The fit with 4 X states describes well data in all angles

LHCb

-=- data - T NR
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K* spectroscopy in BT — Jip oK™

Our results for mass and widths of
higher kaon excitations as red points

Excellent agreement with theory and
previous experiments

J = 3 — 4 states not observed
expected to be suppressed in B
decays

(angular momentum barrier)

M(K*) [MeV]
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PRD 95 (2017) 012002
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PRL 118 (2017) 022003
Resonances or CUSpS? PRD 95 (2017) 012002

4 states...?? Kinematical effects?

Rescattering in S-wave. J© is that of virtual DS(*) pair. Cusp peaks at

*k
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Test one of the cusp models which proposes to explain Z's just above
D)D) thresholds (rescattering) Swanson, IJMP E25 (2016)1642010

For the X(4140) the cusp amplitude gives a better fit than BW (by 1.60)

—  For all other X's this cusp model has a worse fit
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Model independent analysis of A? — J/¢pK~

Hypothesis: data can be described by Kp mass and angular structures

LHCb Moments from data in bins of m(Kp)
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