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The LHCDb experiment at CERN

* Atunnel 27 km (17 mi) in circumference on the border between
France and Switzerland

* Home to the most powerful accelerator and 4 large experiments
— LHCb
— CMS
— ATLAS
— ALICE
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The LHCb Detector at the LHC
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* Single-arm forward spectrometer designed for precision measurements of CP
violating decays, specifically decays involving bottom or charm hadrons

— Covering 2<n<5

e Great particle identification
— Muons: ¢ ~97% with 1-3% of u— t misidentification
— Kaons: ¢ ~95% with 5% of &t — K misidentification

* Good impact parameter resolution: c=20um

* Good momentum resolution: Ap/p=0.5% at 20GeV to 0.8% at 100GeV
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Exotic hadrons at LHCDb X(3872)

Phys. Rev. Lett. 110, 222001 (2013)

* Qver the last few years there has been exciting &
research in exotic spectroscopy, more
specifically charmonium and bottomonium like ®

states Z(4430)

PRL 112, 222002 (2014)

* LHCDb has contributed important results based Pvs e 292112000 2015)
on amplitude fits to the data:

— Quantum number determination of X(3872) using
B* - X(3872)K*, X(3872) - p°Jhp decays

P
— Study of the resonant nature of Z(4430) 1’ N Phys. Rev Lett 115072001 (2015)

B° - y'wK* decays
— Discovery of pentaquark candidates P_(4380)* and 5°%
P.(4450)* - pJhyp in A,—~ JhppK-decays
* My thesis focused on possible exotic X(4140)7

Jhp¢ tetraguark contributions to B - JypK
decays
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el B JydK at CDF

Prior analysis 2009: 2.7 fb?
CDF arXiv:1101.6058 41433+l Mev Phys.Rev.Lett.102:242002,2009
2011 unpublished update '=15+10 MeV ys.Rev.Let-10z: ’
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* Narrow near-threshold X(4140) peak. Possibly also a
second peak at 4274 MeV.

* They did not investigate the high JAp$ mass region due to
high backgrounds.
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B-JypK at LHCDb (Early Results)

Phys. Rev. D 85, 091103(R) (2012)
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* |In 2012 LHCDb looked at 0.37 fb! of data with about
double the number B - J/ypK events compared to CDF

* Saw no evidence for a narrow X(4140) (2.4c tension with
CDF)
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el B - JhpoK at CMS

CMS,Vs=7TeV,L=521f"

Phys. Lett. B 734 (2014) 261
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In 2013 CMS analyzed 5.2 fb! of data and obtained, at the time, the
largest B - Jhp¢pK sample analyzed but with high backgrounds.

They confirmed X(4140) with somewhat larger width.

They did not quote significance for the second peak and saw it at
3.20 higher mass than CDF

Once again the high Jhp¢p mass region was not analyzed
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BEGH B - JpoK at DO

Phys. Rev. D 89, 012004 (2014)
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Also in 2013 DO looked at 10.4 fb! of data and saw 3.10 evidence for

X(4140) as well. The 2" peak is not significant.

In 2015 DO claimed observation of prompt X(4140) productions in pp
collisions (4.70) Phys.Rev.Lett. 115 (2015) 232001
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B - JhpyoK at Belle & Babar

AIP Conference Proceedings 1257, 189 (2010); Phys. Rev. D91 (2015), no. 1 012003
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* Both Belle and Babar also looked at B - Jhp¢K in 2010 and 2014, respectively.
* Low backgrounds for B mesons produced at Y(4S) at the e*e- colliders

* They studied entire Jhp$p mass region but suffered from low statistics, especially at low
masses due to poor threshold efficiency.

* Belle analyzed 325+21 B - JAp¢K events and found no evidence for X(4140)

* Babar, only having 215 B - JAy¢K events, found little evidence for either state (<2c
significance)
* Neither in contradiction with the results from the hadron colliders



—

The data for this analysis was selected similarly to the first
analysis by LHCb (PRD 85, 091103).

Cuts were re-optimized and were about 50% more efficient, though with the
compromise of higher background levels.
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Data selection detalls

Particle Chuantity Requirement

All tracks Track quality: \*/ndf < 4 E;
All tracks(2012)  GhostProb. < 0.47 :E 1
All tracks Clone Default ®
{1 PT = 550 MeV

I IshMuon True

i PID, (DLL{p-7)) =

Di-p Vertex quality: y*/ndf < 0

Dh-p Pr = 1.5 GeV

S Myt um Window [3.040,3.140] GeV

K PIDy (DLL(K-7)) =10

K PT > 250 MeV

K i =9

& [ g — M| < 15 MeV

& # of @ candidates =1

B Mg spc- Window [5.10, 5.5] GeV

B Vertex quality: y?/ndf < 9

B Pr = 2.0 GeV

B Lifetime: 7 > 0.25 ps

B Trigger L0, Hltl, HIt2 TOS (see tcxr]/'

B DLL <5
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Data set

* Analysis performed on ~3 fb! of data
collected by LHCb in 2011 and 2012.

Candidates/(1 MeV)

 JhpopK combinations were taken with
only one ¢ candidate in K*K-K*
— Yields 4289+151 B - JhppK
events and a background fraction

of =23+6% in the 5270-5290 :
MeV region (used in the 1000 1010 1020 1030 1040 1050 1060 1070 1080 1090 1100
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S
g 400
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. o
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Amplitude fit analysis

* Prior analyses used naive 1D mass fits with ad-hoc background shapes

— Amplitude analysis needed to investigate the origin of any J/1y¢ structures and determine the
guantum numbers of any states seen (important for their interpretation)

— Analysis of Jhp and ¢ polarizations greatly increases the sensitivity of this analysis as opposed to
the Dalitz plot alone
* Difficulties:
— Two spin-1 particles involved, both decaying:
. J/w N M+M-1 q) - K+*K-
— Three different decay chains which can interfere
« B-XKwith X-Jhp ¢
* B - Jy K*, K> ¢K
« B-Z¢ withZ-JyK
— Highly excited K* states are not well understood experimentally

— Phase-space is 6-dimensional:
* E.g. for K* decay chain in helicity formulation: m,,cos(6y.),cos(6,),cos(6,),Ad. . Ad.,

* Use the same fit formalism as in Z(4430) analysis:
— unbinned 6D maximum likelihood fit

— cFit for background subtraction (issues with fit stability in sFit)
— exact 6D treatment of efficiency corrections for the signal part (no parameterization needed)

— use helicity formalism to write down decay amplitudes

Diagram of
the 5 angular
variables for

Ny S KL , the K* decay
\ ___________ v

chain

B' rest frame
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el Computing the angles

an example
( ple) sibling daughter

\‘;FB - ﬁ:-/

For a particle P produced in a two
cosllp = ————
Pl |pc|

body decay A - PB and decaying to
two particles P - CD. With the
momentum in the rest frame of P

i : A gpp = atan2(sin AQg+ jpp , €OS D@+ gy
The inter-planar angle is e ( A )

found analogously to that of  cos Agy. yy = T8
Adi i k] |
sin Adyce = [}7:?@ x:l;&] Gy
. | P | |axc+] ||
In this case the momenta Fict - Picet
are in the rest frame of B N AN
o _ o Pwt Py o

Paps s

A+ = Pt - J
g g [T
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Matrix element

* Each decay chain (K*,X,Z) requires its own unigue matrix
element with summing over | states belonging to the chain:

Mass dependence (BW amplitude or constant for NR) Complex helicity couplings

M3y, = D |R( *j:FUK*j) > d AT AT

o Jr+ J IAgAdp+ o J1 JIA T DO * I
Angular distribution i,\w (9;{*)(& D( 5)e" *"d}‘w ﬁ)\“(ﬂ;@)e, /b I

X

_ : X—* Jhp @ j
F[JXJ’) Z Z A Jja s Ae

jni}iw_)\ (0x)d;, [J(GX) oo a5, an, (O ) €290 SO0

- E E : E : B—»anj Z— WK j
Mﬁ}‘“ — R(ﬂ’l-r}/wgl?’n[]zj,F[]ij) A A)\‘w}
J

Jz ; 1 A - DN ¢ 1 oM Db K= 1y
dy 0,)d 6‘ ¢80z, d) 0 I DGR
A3 s )‘W( Z) A ( ) AJpgr s ( f,/v)

N7 - x . Y 2
N ) “Mg:«p + e AMME,, + e *‘**u-‘vtiml)

Adp==1
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LS Amplitudes

* In general, for strong decays, such as K*- ¢K we require:

A—-BC Jg+Jo—Ja pA—=BC
AT o = FaPaEe (1) Ay

* Itis helpful to not fit these helicity couplings directly but instead fit an
equivalent number of independent LS couplings (B,;) where L is the

orbital angular momentum in the decay and S is total spin of the
daughter particles. The relation uses the Clebsch-Gordan coefficients

and is given by
S L S J A
AB — Ac 0 Ap—Ac | AB— Ac

2L + 1 J Jo
NA—BC / B Jc
Asic ZZ 2L1+1 ( AB —Ac¢
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Number of free parameters

L=

Note: The mass and width are always free parameters and included in the

count below
Decay K* X Z
JP chain
O+ Forbidden 6 Forbidden
(parity) (parity)
0} 4 4 4
1+ 10 8 10
1 8 10 8
2% 8 12 8
2 10 10 10
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Background parameterization

* Took the same approach as used in the Z(4430) and
pentagquark analyses:

— Use B+ mass sidebands to parameterize background in the fitted
sample

— For technical reasons need to add background PDF to the matrix
element squared, thus it must be divided by parameterized
efficiency

|~_?_ 5! J.rll(:] Jpﬁkg{?neff iy Qi}

_ ) = —E 4 | 3. 004 j —
InL(w) I || M(mgx 5, QW)|” + (1= ) o ®(myx 1) e(mox 1 %)

— Assume that both 6D functions used in the background
parameterization factorize to a product of 2D functions:
Prixe(Mer, 2)

P(myk)
'Pbkg:;(COS 9{}/@]?’}’&@}() J Pbkg4(&(fb}(*:¢|?fl-¢}() b PbkgS(A(fbK*:Jﬁ_b |’}’H-¢K)

= Pkg, (Mgx, €08 O+ ) - Prygy(cos 0y|myx)

(Mo, Q) = e1(morc, cos O-) - ea(cos Oglmisx)

-€3(c0os0 1, MoK ) - €4(APK+ g|Mox) - €5(APx+ MoK )

— All 2D functions obtained by smoothed 2D histograms of
sidebands and signal MC events, respectively.
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Background and Efficiency Parameter

Background Efficiency

m(Jhy Phi)? (GeV)

IIII|IIII|IIIITIIII

17 =

35
25 3 35 4 25
Mg (GeV?) m(PhiK)? (GeV)

(The normalization arbitrarily corresponds to an average efficiency of 1 over phase-space.)
1.5

3]
16001700 1800190020002100 1600 1700 1800 1900 2000 2100
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16001700 180019002000 2100 1600 1700 1800 1900 2000 2100
my, [MeV] m,y, [MeV]
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Data

Background-subtracted and efficiency-corrected
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Comparison of CMS/LHCDb data

Efficiency corrected and background
subtracted.
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K* Model

M(K*) [MeV]

2D, 2D,
e 3
200 == It
- ’%38‘ — 3 I e —
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2000 S;— 2°P, 2Pe 3 3
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- — =5 1D, Ly
1800}~ - —= 2
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[ 3a Sh=) =
1600; 2% — = D2
[ 7S aca 13 e =
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1200 S Ex®S “
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C e
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400 0 1 2 3

p——

All K* states (except 0**) between kinematic boundaries are allowed to decay to
¢K but may not have been seen in experiment because previous searches are
typically old scattering experiments with low statistics at high masses

All known excited states are broad: I'-150-400 MeV

01T 171 072722 13733 24"

L

Guidance from quark model was
used to inform choices for K*
sector

Try a multitude of predicted K*
states (both known and
unknown)

No constraints placed on mass
or width parameters (fits don’t
depend on predictions or
previous measurements)

Take K* contributions greater
than ~2c significance.
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K* only model

Candidates/(30 MeV)
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* Fits without exotic contributions (X,Z) were tried:
— Example: two 2P.., two 2D.., and one of 1°F,,, 1°D,, 33S,, 3'S_.
2°P,. 13F,, 13D, 13F,.. Contained 104 free parameters.

* Further K* additions, including states not predicted by the
guark model, does not change the conclusion that non-K*
contributions are needed to adequately describe all

distributions
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Default model

* We next considered adding possible exotic X and
Z* states as well as removing insignificant or
Implausible K* states leading us to a default
model

* Only X states give very significant improvements
In fit qualities

* We now Introduce the default model which
resulted from the inclusion of X states and
pruning of the K* model.
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Default fit plots

March 2017
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K* angles
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X angles
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Z angles
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Fit results in slices of m,

m, <1750 MeV
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K*1*
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K'(1*) 100 1068465410 30617017 234203 100~ ¥ \
2Py 5] 1930 - +- o Rgg(-)nant
N R
R e = SR = T L
C—....Jn;i;'."Ti....|....K(l.f).|...ﬁﬁ.}?°.‘1*+cw+ﬁl|....|....
1500 1600 1700 1800 1900 2000 2100 2200 rzrr:i?(o[MeV]
Second state included even with marginal s
significance because two states are Emo; +
predicted in the quark model (remove itin 5 £ *H.H + +
systematic variation) 5 F . ﬂ#ﬂ iw##g
80— { : i +
Because the 2" state had borderline oo}~ mﬁi J #ﬂ + H i}%
significance a 3 was not tried. of 1 {ﬁ Hﬁ‘w !
0: | .:o:::=::¢=='=I::0::-::r::-::'::-:E-EE‘::-E---------.::.::.:_ I__I l I\';:i 3 il |
4100 4200 4300 4400 4500 4600 4700 4800

L ve
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K* 2

2 a00l
Contri- S1gTL. Fit results @300: + ++
bution or Ref. My MeV Iy MeV F.F. % % 250:_ H++"‘$+4;$z -
all K(2-) 5.6o 11+ 372 37 jﬁ + ﬁ
K(2-) 500 177743572  217+116+%! S F () 4
10, “‘.33 1780 Excellent _ 200"
Ko(1770)  [36] 1773+ 8 188+ 14  agreementwith 4 +
K'(2-) 300 1853+27+18 167+ e+ s well established 150k +
]_:ijrj2 Jrl':l- 1810 & - PDG K2(1770) and B
K(1820) Tjd 1816£13 976+ 35 Ky(1820) T *  Total K(2-) wave
sof— ¥ KM2-) i K*(2-) &
f & amma
T T R '3‘}3'05[;“;\',]
Strong evidence for two 2- states : f
from prior scattering experiments = L + +
. - %mn_— LU i +
Tried one or two additional 2- states; § [ ' mﬂw ﬁ#
all significances <0.20 “F + iﬂ { + i m + f
) %
; ﬁ% Wmﬁ
40—
Both states consistent with K,(1770) g } h
and K2(1820) CE Ii — | A |..-|.tl »

L | -
4600 4700 4800
my.,, [MeV]

L - e L N L L | SRR i Ll
4100 4200 4300 4400 4500
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K" 1-

Contri- S1gN. Fit results
bution or Ref. My MeV Ty MeV F.F. %
K*{17) 8.50 1722120+ 23 54+ Tl  ATE18733
13D,  [45] 1780
K*(1680) [36] 171727 3221110

First observation of K*(1680) - ¢ K!

Additional 1- states have a significance

of 1.40 when width is restricted to

>100MeV. Higher significance (2.60)
when allowed to be “exotically” narrow

(3329 MeV)

%300 +++ i 1
e
8 200 i— + +
o + ,
100~ +
E o+ e 3
50| — e ++++
OE...T‘.:j_m....|....|...._TT}._T__.CT?_TC’T‘?'T%—WW|....|....
1500 1600 1700 1800 1900 2000 2100 2200 rznﬁolMe\r‘]
< 120
% mof— *H'Hﬁ& H ﬁaﬁ
g [ *
ot i ﬁﬁﬁ ‘il} +
aof— mﬁi ++ #ﬂ H *#'{%
o b 1% HH# ¥
: L
20| R
C:.|*.Mfﬁﬁoioﬁw.o.|....|....|....T0?°?°pn§|..
4100 4200 4300 4400 4500 4600 4700

4800
my.,. [MeV]
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K* 2*

Contri- S1E1L. Fit results = F
bution or Bef. My MeV 'y MeV F.F. Y% 5300:_ + ++
K*(2%) 5.4c 2073494 +28 678E311 118 29108417 £ £ B St e
2P,  [45] 1940 i : : ;-;50: ng *} *#+ ﬁ
K3(1980) [36] 1973+26 373+ 69 S F +
ko 200f—
: +
150 +
: s
_ _ 100 +
Agrees with K*,(1980) and prior Kp % 3
. 50— -
scattering data SN
O =200 13001300 23002160 —3300" 'rz;alon')"'w;\:q
Allowing a second 2+ state at 2150 MeV
as predicted by Godfrey-Isgur is = r +
. . . e . . —120—
insignificant (<10) and not included in the & | +
default model 2F g ﬂ#ﬂ i wﬁ% |
80:— { b
ot W
4 1T il
- + ﬁ
20—
:..|.i..-.;i.-.-..|...'.|.'.'.'.|'..'..|...-.'-i'r--.t|..
4100 4200 4300 4400 4500 4600 4700 4800
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K* O

Contri- S1gM, Fit results
bution or Ref. My MeV Iy MeV F.F. %
K(07) 3.50 18744437150 168+ 9078 26411753
31Sy  [45] 2020
K (1830) [36] ~ 1830 ~ 250

K(0’) is the smallest contribution by fit
fraction

Significantly below Godfrey-Isgur
prediction but consistent with the
unconfirmed K(1830).

An additional O- state is insignificant
(0.20)

w
=
[=]

Candidates/(30 MeV)
o
th
(=]

200

150

100
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i+ +
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100
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20

1500 1600 1700 1800 1900 2000 2100 2200 2300
mPK[MeV]
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K* results

2°P_ 413 3
_ s, 20,
= 2200k —a_ I'F,
S 3 38— & —
= So00f3S,— — 2%%p 134 I"F, =
Our results _5 C 0 2P $i PF,
are glven g 1800:_ %% e 2 %’é_ 13[)3 E
by the red o 2 £ IS5 ®3 )
- - g = % &5 © Y,
points with 1600 2§ — o 3 £ ;13[%1,;
A1 e
error bars 140{}:_2 St - %p, =< g
- 3 - A— g =
| “_" 3 E ﬁ *M
- e S =
120{}: z = =
- e e
1000— o
Excellent -~ ]38 — Godfrey-Isgur,
agreement 00— g PRD 32, 189 (1985)
between our 600:_ " Established
results and s iy Unconfirmed
both theory 400_| ¥ {I) 1 1 1 1 1 1 ;-‘I) 1 1 1 1 ; 1 1 1
and previous T T SR N ——
0O 1 11 222 1335 24

experiments :
Forbidden

High spin states
(3-4) not
observed but
also expected to
be suppressed
by orbital
angular
momentum
barrier in B
decay
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X1t

Contri- SIgI. Fit results > F
bution  or Ref. My MeV [o MeV F.F. % 5 °F + ++
All X(1%) 1843 +§ 2. F H+++$+*$$+
X(4140) 840 4146544532  83421+% 13+£32448 3 F if ++ ﬁ
ave.  Tabll] 4146.9+2.3 17.8+6.8 3.F + 4
X(4274) 6.00 42733183712 BEL11HY 71125138 D
CDF é“:’_‘J AITAAEL L 1y 322 4 R el + +
CMS [24] 43138453473 385+ 16 5 +
100
sof—
X(4140) agrees with the average of previous 7iR00 100 1700 1e00 1900 2000 2100 2200 o Mev]
measurements though is much broader
2
=
X(4274) apparent peaking at ~4300 MeV in data £ 120 *
(higher than the pole mass) caused by g + +
interferences. ' : H&+H ﬁ*#

Mass measurement agrees with CDF.

CDF/CMS disagreement may well be
explained by interferences and the use of a 1D
mass fit

sl
4700
nlﬁwp

Lol | -
4800
[MeV]
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X Ot

Contri- S1ETL. Fit results g :
: £ : . 300—
bution or Ref. My MeV Ty MeV F.F. % 8 [ + ++
Al X{D*) 28+ 654 B F %fk*?*#%h
NR e 6.4c e § s [ jg ++
X(4500) 610  4506+£11+13 O3l gebadiE 8. F 1 +
X(4700) 560 4704410735 12068175 126 5E 1 - Non-
- + Resonant +
& I e &
100~ o ﬂf;&_ - (0+) s
E 4 =T TTewave., T
S0 SR e =
B <12 o
1500 1600 1700 1800 1900 2000 2100 2200 rznaoo[l'u‘le\f]
Most striking feature(s) at high mass. The excess is E - (4500
surprising with decreasing phase-space function 2 120 * ( )
g I
g 100 —
. . . . . . 3 F
Large NR intensity misleading with strong negative sl
interference B
sof- *ﬂﬁi J
a0l % + '¥¥
of L
NEN: o

4800
my,, [MeV]

4100 4200
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Systematics
SyS. 2~ K(27) K'(27) 1™ K(17) K'(17) NR
var. FF ﬂ'jrr(]. I'y FF ﬂ'jlr(]. Iy FF| FF ﬂ'jrr[] Iy FF ﬂ'jr[] Ty FF FF
K~ +1.2 +118.1 +194.8 +4.0 +16.2 +53.8 +4.4|+3.9 +150.8 +122.4 +15.6 +49.0 +159.5 +28.5 +34.4
model 4.1 -223 -71.0 -86 -14.9 -385 -55 -7.5 -79.2 -196.2 -6.1 -53.8 -143.2 -27.2 -5.1
L +0.7 +8.6 +54.1 +3.7 +5.5 +14.0 43.5|+0.8 +22.3 4204 +3.4 4475 4+37.7 +48 +5.0
var. -1.5 -63.3 -1279 -9.3 -31.2 -539.5 -8.6 -2.2 -486 -70.3 -0.9-1599 -72.5 87 -22

NR exp. |+0.5 -4.8 -135 +04 -06 486 4+1.8] -2.2 -5.9 -3.7 +0.7 214 -454 4+0.8 +0.3
X cusp +0.0 +246 +422 +54 -0.8+10.8 +3.8/+1.8 +4.5 +55 +4.4 -12.0 4406 +84 -0.3
Lo 0.2 408 4387 -1.6 -1.9 -12.6 -2.4[+06 -205 +17.2 +0.9 -0.1 +7.1 -23 422
d=15  +0.1 +182 +67.2 -0.6 +2.7 +6.0 -15(+0.7 -174 -56 -1.0 482 +139 -21 +1.7
d=>5.0 +0.2 -7.2 -258 -01 -1.0 -0.541.3 -1.5 +12.2 -69 +05 -84 -428 -10 -1.5
Left s. +0.1 -4.2 -95 -0.2 -1.1 +2.0+409 -1.0 +09 +0.2 +1.1 -87 -30.2 +09 +0.3
Rights. | -0.1 +3.2 +5.0 -04 +38 +0.1 -1.2|+1.2 -1.3 +125 -04 +11.6 +36.5 -1.5 -0.1
[ 5 J+02 81 -354+17 -93 -67426 -27 4280 -82 +40 234 -63.0 +48 -0.8
[ no ¢ |08 02 404 -1.1 400 -05 -15 -0.8 +1.9 +1.2 +01 +06 +1.8 -0.7 +0.7
¢ window |-1.0 -25.0 -27.2 -2.6 -1.1 4412 -1.4| -2.7 -11.3 -36.5 +0.0 -15.2 -23.1 +6.0 -1.9
Total ~ +1.5+122.3 +220.7 +7.7 +17.7 +82.0 +7.2|+4.7 +153.0 +138.0 +16.7 +69.7 +173.5 +31.3 +34.j
SVS. -4.6 -76.5 -154.3 -13.3 -34.7 -72.0-10.9| -9.2 -100.5 -214.8 -6.3-172.3 -177.9 -28.8 -6.:
Stat. 28 349 116.311.0 26.6 58.111.2] 8.1 59.0 157.0 10.3 65.0 1703 204 13.1
Systematics explored included allowing NR to fall off exponentially, varying the

, varying L used in each decay (where applicable), using the width from a
decay to lighter mesons, variation of the , fits with only the lower or
upper sideband, variation of the , ho MC reweighting, variation of the g

calculation, and (discussed in more detail later)
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Sys. K*(17) K(07) K*(21)

var. M, I'y FF| M, 'y FF M, I'y FF
K* +19.9 +431.4 +2.6|+54.8 +236.9 +1.7(+214.3 +805.2 +1.6
model 2331 -141.0 -2.7| -90.2 -96.3 -1.7| -66.9 -223.8 -0.6
L +14.2 +459.3 +1.8|+12.8 +51.6 +0.7| +52.0 +172.3 +0.3
var. 177 -447 -0.2| 444 -31.1 -02| -19.1 -1074 -0.3
NR exp. +3.3 +11.5 +0.2| -22.9 +36.3 +0.4| -13.7  -65.1 +0.0
X cusp  +4.5 455 -1.2| +7.8 4114 +0.1| +26.5  +6.1 -0.2
| -101.5  -93.1 +0.2] 2.8 6.2 -0.1| -167.6 -230.0 +0.3
d=1.5 +21.1 +121.7 +0.0{ +12.1 42,5 -0.1[+102.2 +806.2 +0.0
d=5.0 4.9 -21.0 +0.0] -10.3  +6.3 +0.2| -72.0 -242.5 +0.0
Left s. +2.7  47.7 40.0] -12.6  20.1 +0.2| -17.9  -28.8 +0.2
Right s. 3.0 4+7.7 £0.0/+10.0 -23.5 -0.2| +19.2 +24.7 -0.2
15 +2.2 -4.1 +0.1] -43.0 +32.2 4+0.5, -18.5 +1.1 +0.4
no w™¢ 402  -04 +0.1| +1.0 24 -04| -04 31 -0.2
¢ window +0.5 -289 -1.8| -33.6 +94.5 +0.9| -97.0 -258.9 +0.2
Total +32.9 +139.8 +3.2| +59.0 +280.2 +2.3(+245.2 +1152.7 +1.7
Sys. -108.4 -180.7 -3.9]/-114.8 -104.1 -1.8| -239.7 -550.0 -0.7
Stat. 199 747 19| 432 904 11| 942 3106 0.8
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Systematics continued

SyS 1+ X (4140) X (4274) 0t X (4500) X (4700) NR
var. FF M, I, FF M, 1, FF| FF M, I, FF M, 1, FF FF
K* +2.0 +3.6 +17.1 +2.2 +11.2 +7.9 +1.4][+1.8 +9.3 +138 +2.0 +7.5 +386 +6.7 +8.0
model 1.7 26 -11.7 -1.9 -25 -85 -1.5/-11.0 -86 -16.6 -1.7 -18.9 -13.5 -48 -16.6
L +32 422 +7.3 +21 +106 +1.4 +1.0/+03 +1.3 +10.8 +1.7 +9.0 +124 +1.5 +1.2
var. +0.0 -1.2 62 -05 -08 -4.6 -1.2| -4.7 96 -11.2 -1.6 -6.8 -249 -08 -85
NR exp. 404 02 -0.1 404 -0.2 +0.6 +08] -1.7 +6.3 +03 +02 +7.1 -15.7 -1.7 -9.1
X cusp 422 +09 464 -54 -14| -1.2 +00 +1.2 +02 +19 -25 05 -1.6
T 0.6 +0.2 +1.5 -04 +32 +0.2 -03]+0.1 +0.8 -0.1 -0.3 +09 -58 -09 -1.1
d=1.5 0.9 +1.1 +53 -05 422 408 -04|+05 +1.7 +32 +0.1 -0.1 +1.7 +0.0 +1.1
d=5.0 +1.1 -0.2 2.0 406 402 -0.8 +0.3| -05 -1.0 -3.1 -0.1 -1.2 -32 -07 -25
Left s +0.1 -04 -2.0 +0.1 +04 -0.8 +0.1| -05 -24 26 -02 -15 -31 -07 -1.2
Right s. -0.3 +0.3 426 -0.2 -0.6 +1.0 +0.0/+0.5 +3.7 434 +04 +1.2 +7.0 +08 =16
B +1.2 06 -3.6 +1.2 +1.7 -0.7 +09| -25 -46 -11.1 -05 -39 -6.1 -14 -1.4
no wM® 416 400 +0.0 +0.1 +0.0 +0.0 +1.4|+1.7 +0.0 +0.2 +0.2 +0.1 +0.0 +1.2 +2.7
é window +2.5 +1.1 447 +2.4 -1.6 +1.4 +1.8]/+4.2 -43 +7.1 +1.2 -93 +5.8 +0.7 +4.7
+4.6 +20.7 +4.7 +17.2 +8.4 +3.5 +12.0 +20.8 +13.9 +42.0
sys. 21 -28 -135 -20 -36-11.1 -2.4| -6.7 -14.5 -204 -2.3 -24.1 -33.3 -53 -21.0
Stat 2.8 4.5 20.7 3.2 83 109 25 51 11.1 21.2 24 101 30.7 49 107
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Spin analysis of X states

systematic variation || 1% X (4140) ‘ 17 X(4274) || 07 X (4500) ([ 0% X (4700)
J7/Component  X(4140) X (4274) X(4500) X (4700) alternative /7 | [27] [T ] [ ]|+ ] L
0" 10.30 7.80 preferred preferred | default | 7664] 6a]52] 56| 1.9
0~ 12.50 7.00 8.1o 8.20 K| Lj+2 12262 74 54] 65 5.1
preferred preferred 5.20 4.90 K>(1770) L}+2 5.7 | 6.0 5.8 5.2 1.9 1.5
1~ 10.4a0 6.40 6.0 8.30 K3(1780) (37) 6.2 | 6.6 6.5 | 4.9 5.1 4.5
a2 7.60 7.20 5.60 6.80 NR exp 7.5 || 6.5 6.1 8.0 5.8 L7
2/ 9.60 6.4 6.00 6.30 K*(17) 6.8 | 6.1 5.8 5.8 6.2 L7

K"(20) 6.9 [ 6.7 621 40| 66 1.8

* On the left is the significance of the preferred quantum numbers over the
other hypothesis in the default model

* On the right are the significance of the preferred quantum numbers over the
next closest quantum number(s) (as determined by the preferences of the
default model) for a subset of systematic studies that yielded the largest
changes in X parameters.

* Quantum numbers of X(4140) determined for the first time as
Jre=1** by >5.70

* Quantum numbers of X(4274) determined for the first time as
Jre=1+ by >5.80
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K* polarizations

* Given the advancements in K* spectroscopy that have
been made in this analysis it is of some interest to
compute the longitudinal and transverse polarizations for
the K* states included in the default model. This is done
through the equations below with results given on the
following page with the other numerical results.
Numerical results for the polarizations on the next slide
are given with statistical errors.

BJmb K™ ‘

‘A
fL E AB— /W K* % | g\B—JpK*|? | \B—J/b K" 2
o ey | LB Bl 1 A= +1
: BJhpK* B Jfp K™
4-.!!'-3_'“Jf|rl.-lf fﬁ . 'Jll:—l-l _‘J")\:—l
3 [ ﬁ
‘ 318 JOK” ‘
£ = AB— K~ |2 | JB—J/0K* |2 | ;B I/ K~ |2
A==t | }-. 0 ety TR |
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All results put together

Contri- sign. Fit results
bution or Ref. My MeV 'y MeV F.F. % I i1
all K(1¥)  8.00 2+ 8% 3
NRgx 16+13 +3“ 0.52+020 0.21+0.16
K(1*) 7.6c 1793597+ J6ELISTHE.  12Ei tl' 024+021 037+£017
2P 1900
K1 (1650) 1650450 150+ 50
K'(1*) 190 1968+65*,1 3964170178 2342015 0.04+£0.08 049+0.10
2P, [45] 1930
all K(2-) 5.6o 11+ 37
K(2-) 500 177743512 2174116 +221 0.64+0.11 0.13+0.13
1'Dy  [45] 1780
K»(1770)  [36] 1773+ 8 188+ 14
K'(2-) 300 18 53+27+ 18 167+ 58+ 52 0.53+0.14 0.04+0.08
13D, [45] 1810
K.(1820)  [36] 181613 276+ 35
K*(1) 880 17221207 5 354+ THhT1W 6719732 0.82+0.04 0.03+003
13D,  [45] 1780
K*(1680)  [36] 1717+27 3224110
K*(2%) 540 2073194725 678£311 7115 29108717 0.15+£0.06 0.79+0.08
2P, [45] 1940
K3(1980)  [36] 197326 373+ 69
K(0) 350 1874+437 57 168+ 00 %0 26=*1.1'22 1.0
3'S,  [45] 2020
K(1830) [36] ~ 1830 ~ 250
All X(17) 16£3 * 3
X(4140) 840 4146.5+4.5+38 83421 +2 13+3.2+48
ave.  Table[l] 4146.9+2.3 17.8+6.8
X(4274) 6.00 427334831172 5641173, 71425433
CDF 27) 42744134419 3243248
CMS 24] 4313.8+53+7.3 380+ 16
Al X(0Y) 28+ & 7
NRyys 640 46411 H1
X(4500) 6.10 4506411112 92421 %2 6.6+£24133
X(4700) 5.60 4704+10*1 120+31 *42 12+ 5+ 2

‘AB_‘J,ILK—
P T T a e [T
ABHJ/wK Af;:’lr"'" L _Af::rlm K"
V2 s
‘AB—*J:’!;JK“Z
b= ‘Af:_.rifw;{ ‘ +‘AB—>wah* +‘Af:+‘T”K' P
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X exotics as cusps

|Isobar Model Cusps

1
BWim|Mp, I'y)
(m| Mo, I'n) .”.;? —ml— -!-.'1-Jr-j;.|'-::li'1:| q\

Tl =
J @r) m— My, — Mg — ¢ + i€
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Swanson model Argand diagram

Below threshold
>

[ | I [ | [ | [ | : [ | [ | [ | I [ | [ | [ | I | | I I I I I I I [ | [ | [ |
0 0.2 0.4 0.6 0.8 1
-Re I(2)
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Cusps

* Additional models were tried including a fairly
simple model of a coupled channel cusp by
Swanson

10°
0.14:— + +~(*)-
= _DSDS<X )
012 —1 ..pp'r
C o Ds D?% i
N + - R T
0 4 =DgoDex L
0.08F —2
= ) 2+
0.06F
C =3
0.04f :
0.02- 3
-f\ ,‘. ..... g . -::.,.~“
9 4.2 4.3 44 45 4.6 4.7

mJ,'w ,[GeV]

*Various cusps from the DsDs sector were tried to
explain the various exotic peaks as non-exotic cusps,
or their interferences
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X(4140) as a cusp
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With X(4140) represented by a

éj Jr=1* D_*D."- cusp we find the fit to
- be slightly better than the default
% sodl model with A(-2*Ln(L))= 32 (favoring

the cusp model)

2

100

my,, x [MeV]
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X(4140) and X(4274) as cusps

_— —_~
2 00 —=— data %
] —— total fit
= + e h{ia:kground E
2 gt = ¢
B 250 i T K'11 -a
% 2K (1770+1820 9
o + +_ + —— 1 K'[1680) I
: 2K _*(1880) =
g 200 o K830 e
=== 1 D0," cusp ©
e R — {I'D:'Dg:_"cusp O
150 + S 07 X(4500)
— ii—mfﬁ 0 X{4700)
= - — O°NR,,

1500 1600 1700 1800 1900 2000 2100 2200 2300 2400
e x MeV]

My, [MeV]

* Attempts to replace more than

%350

gm X(4140) with cusps were performed
§ - but did not produce better fits

. - This fit, in which, X(4140) is

replaced with a 1** D.*D.~ cusp and
X(4274) is replaced with a 0*
D.*D,,” cusp is worse than the
default fit by A(-2*Ln(L))= 5.92

4100 43&3“ 4300 (favoring the BW model)
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Theoretical interpretations

Molecular models Tetraguark models

* The determination of the quantum
numbers of X(4140) as J°c=1+*
rules out many interpretations.
Namely, O** or 2** D *D*
molecules. The large width is also
not expected for true molecular
bound states.

* There are many tetraqguark models
which predict states with J*¢=0-", 1+
or 0**, 2**; these can be ruled out.

* Atetraquark model implemented by
Stancu correctly assigns 1** to
X(4140) and predicts a second 1**

state at a mass not much higher
* However, X(4140) may be a 1** than X(4274)

D.D.* cusp (form of rescattering)

Hybrid models e A Lattice calculation by Padmanth et
al, based on a diquark tetraquark
e Hybrid charmonium states would model, found no evidence for a 1**
have J°¢=1+. Thus they are also tetraquark below 4.2 GeV

ruled out.
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Results summary for K*
* Little in the way of apparent features in the mass spectrum but
angular distributions lead to a robust tapestry of K* states.

* 1* partial wave: dominant with at least one resonance at 7.6
significance.

* 2 partial wave: comprised of 2 resonances in good agreement with
well established K,(1770) and K,(1820)

* 1 partial wave: First observation of K*(1680) - ¢K

« 2* partial wave: with 5.4c evidence for a broad resonance consistent
with K,*(1980)

* 0 partial wave: 3.50 evidence for the earlier observed K(1830).

* First proper error analysis of many high mass K* states (previous
results often don’t have any systematic analysis)

* K* results consistent with expectations and prior measurements
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X results summary

X states: sig.  Mass Width FF
X(4140) 840 41465445752 8342179 1848080
Determined to be 1** for the first time
X(4274)  6.00 4273.3+8.3172 56+111Y 7.1+2.5739
Q}Q\ Determined to be 1* for the first time
S0 X(4500) 6.1 45061113 92421728  6.6+2.4152
(0*) X (4700 5.60 470441071 120+31+43 12+ 57 2
24 33 5

The high JAp¢ mass region has been investigated for the first time with
good sensitivity. No theoretical models, except for Wang et al that predicted
a 0++ state at 4.48+£0.17 GeV, exist for these high mass features

The complexity of the JApp model and the failure of existing models to
describe all of the features of m,, , suggest the data may have a

complicated origin. Hopefully this work will stimulate discussion of
amplitude parameterizations to be tried in the future in order to clarify the
nature of the observed Jhp¢ structures
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BACKUP SLIDES
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Dalitz plots

* All plots are efficiency corrected € ,.F AE
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