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A, — Iy p K (P,(4450)*— Jly p, P(4380)*— Jly p)
vs B —» ' K- (Z.(4430)*— v’ n*) analyzed with two

approaches:

— Amplitude analysis (LHCh-PAPER-2015-029, LHCh-PAPER-2014-014)

— Model independent approach based on angular moments
(LHCb-PAPER-2015-038, LHCb-PAPER-2016-009)

Ay, — Iy p T (P(4380,4450)*— Jly p, Z(4200)"— J/\|f )

— Amplitude analysis | preliminary!

B+ — Jhy ¢ K* (X(4140,4274,..

— Amplitude analysis| preliminary!

LHCb-PAPER-2016-019)

vy —>pie
d—>K K~

(LHCb-PAPER-2016-015)

.)*— Jly ¢ and other states)
(LHCb-PAPER-2016-018, Z.(4200,4430)* ?

X(4140,4274) ?
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LHCDb: first dedicated b,c detector at hadronic collider

 Advantages over e*e"
B-factories (Belle,
BaBar):

— ~1000x larger b

production rate, b
decays mostly to c

— produce b-baryons
at the same time as

B-mesons

— long visible lifetime of § Ap— Jy pK
b-hadrons (no or A o H
backgrounds from B » vy 1K p (Or B)

decay point P

the other b-hadron) | .

« Advantages over
ATLAS, CMS, CDF,
DO:

— RICH detectors for
n/K/p discrimination

(smaller
backgrounds)

— Small event size
allows large trigger
bandwidth (up to 5
kHz in Run 1); all
devoted to flavor

collision point

VELO

physics The LHCb detector described in JINST 3 (2008) S08005
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LHCb data samples (3 fb1) =

LHCb-PAPER-2014-014 LHCb-PAPER-2015-029
PRL 112, 222002 (2014) PRL 115, 07201 (2015)
B » vy’ n*K A= Jy pK
%1300 %7000
g 25.176+174 p 26,007+166
— 1600 , < LHCb .
= signal events =6000 signal events
T 1400 Is
51200 55000 *
1000 Om=2-4 MeV 4000 5.4% + o,=7.5 MeV
800 B” signal range 3000 bkg A} signal range
600
2000
400 .
200 sideband 1000 sideband sideband
0 I 5300 S 05500 800 5700
Mz i [MeV] M, »x MeV]
vs. bkg in Vs
Belle: 7.8% Belle: 2,010+50

BaBar: 2,021+53
« More than a factor of 10 better statistics than at the B

factories, at smaller background

* Very comparable signal statistics and bkg levels between the
B and A, data samples
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Proper amplitude analysis
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= 2500 b%a}w
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2 000k d%ﬂ} » _Unexpected, narrow peak
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1500 _ ohase space s it a reflection of
1000f- A* interfering A”"s > p K ?
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o2 u
A barvon excitations Mke [GeV]
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Full amplitude analyses A, rest frame

For the best sensitivity and to avoid - :
dependence of efficiency on fit model, use g =
all degrees of freedom in the decay &

A rest frame
B’ rest frame Y rest frame

APy 7 L / >/7

P u+ /‘/Aq)w "

 rest frglljrtne oK K rest frame LAB frame
4D maximum likelihood fit 6D maximum likelihood fit
Q=(8,..6,,A4, ) Q=(0,.0,.A0, 0,24, )

. 2
PDF(My,,, Q) =|MatrixEle(my ., Q[ I 5, Mg, T, Hp )| xeff(my ., Q) + PDRy (M, Q)
\ J
|

Fixed to known values.
Mg,/ varied within errors for systematics.

1-3 independent complex helicity 4-6 independent complex helicity
couplings H per K" resonance couplings H, per A"resonance

« Dealing with baryons results in larger number of helicity
couplings per resonance to determine from data (nuisance
parameters)
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Model of conventional resonances

Well established states from PDG

No high-M,
No constraint inh-1P
iy No high-My on dimiL AL
in derzzays to Kn high-J° in decays to Kp - -
State J7 M, (MeV) Ty (MeV) # of complex  ~onte Mo (MeV)  To (MeV) #;fu‘;ig;ex
couplings '

Red. Ext. - — - Red. Fxt.

N1 o — — . ! 1(1:;10.3) 1/2- 1:;10.3 50 E 4
K*(8000° 0% 689 E47 ) 1 1(1520) 3/2+ 1520 16 5 6
K*(892)° 0+ 806 19 3 3 1(1600) 1/2 1600 150 3 4
K*(1410)° 1 1414 939 3 3 1(1670) 1/2- 1670 35 3 4
K*(1430)° 0% 1425 2710 1 1 1(1690)  3/27 1690 60 | 5 6
K3(1430)° 2+ 1439 109 3 5 A(1800) 1/2- 1800 300 | 4 4
K*(1680)° 1~ 1717 322 3 3 A(1810) 1/27 1810 150 | 3 4
K3 (1780 3~ 1776 159 [0 3  A(1820) 5/27 1820 80 1 6
Total # of free parameters 28 34 18238; gj:g; 1238 183 é 2
A(2100) 7/2" 2100 200 1 6

A(2110) 5/2F 2110 200 1 6

A(2350) 9727 2350 150 0 6

A(2585) 5/277 2585 200 0 6

Total # of free parameters 64 146

« Dealing with baryons results in more than
doubling of known states to include
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Fits with conventional resonances only

0 ' K- 0 -
BY -y’ n*K ALY — Iy pK (Ext.)
-=data 4 data
1000'— e total it + LHCD 800F" g totai it b
[ —— background 700 :i?:;g;‘;“nd + LHCb
K*(892) — :
I w 3 A(1520)
—K* S-wave 600 A(1600)
L K,(1430) E - A(1690)
K*(1680) +— D00-%-A(1800)
K*(1410) = “53-A(1810)
500} _.g 400 and other
" > 300 e
L
[ 200
i 100
56 17 18 19 20 2122 23 %42 44 46 48 5
mz... [GeV’] m . [GeV]

« Cannot describe the data with the conventional
resonances alone
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Fits including exotic hadrons

)

(0.02 Ge\2

Events /

1000p=

500

2000p=

—%
(4]
o
(=]
|

LHCb

—&— data

—— total fit

—— background
K*(892)

—— K*,(1430)

—— Z(4430)"

— K* S-wave
K*(1680)
K*(1410)

m2_[GeV?]

S —
(Red.)
22200 — = data
—e— total fit
gQOOU LHCb — background
#1800 =g P.(4450)
= —=— P,(4380)
>1600 el -
w
1400
1200
1000
800 -
600
400
200
3 36
my, [GeV]

The models based on well established conventional resonances

describe these projections well (without or with exotics):
— They dominate the rate

If exotics present (as shown above) they spread across wide range of these masses
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Fitting decay angles important for resolving
overlapping resonances

’ _ 0 -
BO — Y K Ab —)J/\|! pK
e 250 T T T T T T T T T T T T T T
1000M
[+ ]
s00f- A ]
[ q)w',K* ]
r—;E#:& -—:-—~—~EE:$—-‘=
- LHCb ]
—— data - data A(1670)
L —'—Lota:(ﬂt ] 3 -®-totalfit :Eggg%
—— backgroun — hack d-*-
i PR T
- K*(892) - —i\—F’c(4380) --,-,--«(1320)
: —— K*,(1430) c A(1830)
: ——K* S-wave ~#-A(1405) L A(1890)
C K*(1680) -63-A(1520) 4. A(2100)
" K*(1410) A(1600) -- A(2110)
ook
400
200

They greatly increase discrimination power between resonances of different JP
Without using full decay phase-space difficult to do efficiency correction correctly
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Exotic hadrons

0 ' K- 0 -
BY —» Y T K Ab —)J/\V pK (Red.)
1_-O<-mf(:r< ..... 5 E
ool 18 GeV? m, . all LHCb 1000f= JmFdata My, all - >2GeV
1000 [ - total fi =
—_ < __F —background 1
o = 800} =
9 1)) -
g = [ Teim
g -=-data © [ =Pl )
o G -=—total fit ~ 600~ - A(1405)
— ——background 0 [ - A(1520)
— + —t b
0500 = —=Z(4430) S F A(1600) ®
c K*(892) = 400 d oth 1
ﬂ::'z B — K" S=wave ul L andother
w L ——K*,(1430) -
K*(1680) -
K*(1410) 200
D - TP T Y TR 2 - e -_.._l_ G il - - - N -'.-:'. W T el i
15 16 17 18 19 20 21 ) 22 2§ 4 42 44 4.6 4.8
my,..- [GeV7] wap [GeV]
Mass (MeV) Width (MeV) [ Fitfrac. (%) - Mass (MeV) Width (MeV) | Fit fract. (%) -
Z.(4430)* 4475+ 7+15 172+13%37,, 5.9+0.9*15 ,, P.(4450)*  4449.8+1.7+2.5 39+ 5+19 4.1+0.5+1.1
Belle 4485+22+%8 | 200+46%26 ;. 10.3+3.5*3, 5o P.(4380)* 4380 %829 205+18+86 8.4+0.7+4.2 9

- JP=1*at 9.7cincl. syst. (in Belle at 3.45) * Bestfit has JP=(3/2, 5/27), also (3/2%, 5/2°) &

(5/2*, 3/2°) are preferred. (5/2°,3/2*) cannot be
ruled out within systematics
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B Argand diagrams: exotic hadron amplitudes
without Breit-Wigner assumption

Exotic hadron amplitudes for 6 m . /m; , bins near the peak mass
(aII other model parameters fitted simultaneously)

{ C

E L |_HC;%/’{> y 50.1; 3
T | d

- Ul ze430y
0.2 T
M AT

VV’Q/;V

I 01 -Illlll|||Il|llIlllllllllI||l|Il|||I|||lI|l|lIllll--llllIl|||Il|||I||||I||||I||||I||||I||||I||||I|||l-
1 I ' ]
1 - 1

0.4

_D.6_|||||||||||||||| -
-0.6 -0.4 -0.2 0 0.2 0354 '

| E:

N 3 03 025 02 015 01 005 0 005 D1 0'15 01 005 0O 005 00 0145 02 025 03 0.3s
. il

Good evidence for €A Re A" Re AF

resonant character

Large errors
Such studies make exotic hadron amplitude model-independent, but the results are still
dependent on the model of conventional hadrons. Simultaneous PWA of the latter is not
possible since exotics reflect into variables characterizing conventional hadrons.

However, we can assume exotics are not present and test for their presence in model-
independent way - next 6 slides.
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Rectangular Dalitz plane: variables of conventional hadrons
* For fixed mKn,Kp there is one-to-one relation between m,,,, and COSO/,+

T T

10° 0.8
0.6

0.4

":El“:__r_:ﬁ__-:

LHCD

i’

|IIII|IIII|III'|'

10 0.2

BO— y'ntKs,

—0.4

'.%:

PRD 92, 112009 (2015 _{, 400
LHCb-PAPER-2015-038

—0.6
—0.8

.Tlllllllllllllllll

I IR I o
800 1000 1200 400

(efficiency corrected) m

lg

-;-; 3

AP— JhypK? 53-:: -

5 O : 6 18 2 22 2.
o
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Legendre moments
0=6. or 0. 1

=3P’ P(coso
d cos @ |_0< ! > (cos6)

J dcosd

P (cos@)d cosfoc >

Pn(.x)

A

-1 1

LR (cosa) T
&

i -1

Decomposition into <P;> corresponds to decomposition into “frequencies”

With |, — o« can reproduce any

Smooth cos0 structures
produce low rank moments

K*/A* can contribute only to
low-rank moments

| ... =J,+J, forinterfering resonances

In K*/A*-only
hypothesis (H,)

J.... 1S the highest spin of
K*/A* resonance possible

Imax — 2J max

d cosé
Sharp cos0 structures

produce low and high rank moments
The sharper the structure the higher I, required

Reflections of exotic hadrons can contribute to
low and high rank moments:

Detecting non-zero moments above 2J,,,. signals
presence of exotics

The narrower the peak the higher the 2J, _required.
The sensitivity is better for narrower exotic
hadrons.

Exotic hadron contributions spread over wide range of
my./M,,. An effective way of testing H, is to aggregate
the information about cos8y,,, moments in a
function of m . ./m,,..
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Setting highest rank of Legendre moments
The sensitivity of the method improves by considering /,,,.(mg./my,) = 2 J, . (mg./mg,) dependence:
it can be set from know K*/A* resonances, quark model predictions as a guide

Much fewer known states than predicted!

K* mass predictions by Godfrey- A* mass predictions by Loring-
Isgur, PRD 32, 189 (1985) . Known K* / A* states: boxes M+l Metsch-Petry EPJ, A10, 447 (2001)
- [ T 3 ER— > - _
> 2200 2Dy & 1F,  2°Dj » 2600 . — —
IS 2D, = = >A E —
= ' s o T gp, 1T . F — _
% 2000P g 1127P 2P 3 &2400f- = — - —
e — 1.5 — = — —_—
K P = 1'"D, ] S ' e Y
1800 : | EID- o+ I'D, %_ 2200 — . .
. S I - 2| F====Z - —
+¥/\Iﬁ{][} 1 1 F— 3 = 'ﬂ 2000- — : — o — —
< 2'S— p . J [ L
3 1400 B — = - O H
o 1800 TT —
™ | 1200 i_ilspa: a 'GEJ C 1T - g ‘_ILCb No A*s
.GEJ . .. LHCb 2 1600 — expected here:
o | 1000 > w5 No K*s © n = o exclude
= g = 25 ov E_ L _—
© <00 s 5 & ) expected here: @ 1400F ]
» = T = exclude S N = 1" 3 3 5 5 7+ 7 9 9 |+
T v P2 =2 2 = =2 Loz 2 U
- . - 12002 2 2 2 2 2 2 2 2 2 2
= F .0 0 1 1° 2 2° 3% 3 -
y B I ' » g I [ | g I [ | ' ' I 'l 5 E B 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 [ I [ 1 1 I
400 0 1 2 3 4 6 1000 0 2 4 6 '

3) 8 10
Imax( mK;r) Imax( pr )
« Because the J/y mass is smaller than v’ mass, must allow for higher excitations

in the A ,°— J/ypK analysis, higher |

max
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Test the hypothesis (H,) that the data contain only conventional hadrons

Form a model of the data implementing this hypothesis:
PDF(mMy k. COSOsa+ [Ho) = F(Myip) FICOSO x| Micicp)

Imax (mKn/Kp)

F(COS ‘9K*/A* | mKﬂ/Kp) —

2

(R} (Merricp) RGOS Oy e)

1=0
-~ — ] 1800
2 2 coooo |- . tach 1 P2
= < 60000 . E
q_; E * ] = 1600F Zmax(pr)
S ’ - 2 400E
_Oisoooo BO—)\VTC+K: 51400: AR e
9540000'— 3 £ 12008 1000k I1=1 1 I=2 1 I1=3 1
© 7 1000F AR .
g 30000 [ . F mKn 3 8005 50 I Incluged In HO ¥
- E ) b,
(@) ] E 'oe, L ant dhd 4
O 20000 E 600F i P 1Y e W b ptteatt tane o
> : * 1 £ i A
(&) F . 400F
c 10000 — .. — E o B 1 . 1 1 1
O o ey, avety ZOO: L T g1 T 1
2 0 0 o0 oo 1400 0b—— —_ I I=5 1t =6 1
E my, [MeV/c?] U
lmax(mKn) " <PI > (pr)"
T F T T T ] a T T T T a T T T T L 3
L 200p + PFg % ieomp PY] 2 wofp Py by | e - o
g (A 1 Zomf t ERN 4 TC "Nl G
= e T JUS -] = E 1 2 wef 4 + 0+ ] [ LHCb
ZomfE  * s S l000F U 1 = f++ l l+ 4 +++++ ++ -5006, L SN PN | - L ki
Y n ] Y} r = B H 1 * T n 1 1
F 2000 P m ot |_1|_+l + 4 Tt -ttt Tt L
ol Included 3 F\nt Kr) 1 - ¥ : :
F . ] s E 1000 E 1000 I=7 % I=8 % [1=9 ]
—6000 - — E B B L
. inH 1 aomf + 3 E ;
sooF 0 ] E ] 2000 3 !
- t LHCb 7 e LHCD 7 . LHCb soof +
~10000F- + 3 0 ;-. - v : -3000 3 E -,
;‘L_:-uo[)cj : ]' TR B ‘+ : : U— N:*-OOD_—I } l: . : . : D* {:—4000; . : e : } = OW: TV e v -
2 1000;_ +++++H 4_; 2 D: 1 Ly Sl 3z 20005_ 5008, . L, . . T o
ST uabo I ooy inneros B E e LA LaBaas p e
= ++++ 1 ++++ +] am + ] = + 100k I1=10fExcluded =11} I=12]
~1000 |~ 7 i ] e :
ook + ER Excluded s soof $ fromH,
73000; + LHCb _ —30002— }, from HO TLHCD 1 f
E ool .
—4000 I 1 = L 1 1 1 1 I 1 I L L d
200 1000 1200 m140r01\,-[g\?r'c3] 800 1000 1200 ml4DE]M‘EV:‘c2] 800 1000 1200 m.HD[[f\-[eV-'c!] i
- = - My, [GeV]
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Test H, model on M, distribution |, __ 0 .(m
PDF(m |H0)=J.de7;/KpPDF(mK;z/Kp’COS@K*/A*(ml//'ﬂ/!//p) | HO) om

V/'fr/'//p)

y'mlyp
y'mlyp

B - vy n'K-
BaBar PRD 79, 112001 (2009)

BaBar did not A= Iy p K

haV_e ?nough arXiv:1604.05708
| statistics to see LHCb-PAPER-2016-009

1 Z(4430) this way. =,
] Eu1000:data _>+++

i .I..I.li”latlcolselé -
il = V(2S)TK moments
400 ABEE

| =vm JYrK moments

W0y et 4 y RV | TN ] Negative results like < o0
il (] thisimpossibleto 3
§ | interpret without ” 600

____________________ | amplitude analysis

38 4 42 44 24.6 4.8 since Z-K* interfere! 400

PDF(m, ,,,,|H,)

LHCb PRD 92, 112009 (2015) 200

=
i
0
*
-

M I B R B BT W
42 44 4.6 4.8
GeV)

=

'h"IIIIIIIIIIIIIIIII

:

5
mJ.-" p[
LHCb data !
iInconsistent with

K* contributions
alone This model independent proof of the

presence of exotic hadron contributions
is especially important for the A, data,
because of the difficulties in construction

LHCb data inconsistent with
A* contributions alone

:

LI”I_I|III|III|III

Yield / (25 MeV/c®)
:

g

g g
o

"I[IIIlIII|III|III|III|III|II

g

| PDF(m,,..|H,)

{:l 1 1 1 1 1 1 1 1 1 1
3300 4000 4200 4400 4600 4800 . .
., [MeV/c?) of a complete model of A excitations
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Rejection of H, can be quantified

Test variable: A(-2nL) = _2”§”:‘5 lln PDF(m,,.[H,) A(-2InL) = _zniems In PDF(mJ/lﬂleO)/IHo
(quasi) log-likelihood-ratio - "4 PDF(m,,|H.) i PDF(m,,, [H)/1
IH:I PDF(mJ/Wle)g(mJ/y/p)d My
Ho: £ (Mir) e ' =30 Ho: (M) 1 1'=31

This variable tests a significance of moments between /,, (M ) and /, .

PDF( A(-2InL) |H,) B® - ' 'K~ PDF( A(-2InL) |H,) Ay— Iy p K

% Data - %103? v
T C i
= 152 G 1E8 F = PDF(A -2InL) |H)
5 - > ! E’_ - % ( ( ‘ 0
ot st
5 E é“lﬂz;— — Bif. Gaussian fit
3 13
2 18 f
a 15 7 LHCb
ks 2 10f
2 15 data
= 14 T 9
|= N :
e . 15—
107 £ I E ;
] W : i s =+ A NIRRT P 1 P
0 1000 2000 3000 20 0 20 40 60 80 100 120 140 160 180
A(-2InL) A(-2InL)

However, this approach cannot characterize exotics — amplitude analysis is still necessary.
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Cabibbo suppressed vs favored A, decays

LHCDb-PAPER-2015-029

PRL 115, 07201 (2015) LHCb-PAPER-2016-015 (in preparation)
A= Jy p K A= Jypr

7000 > [ LHCDb prelimina ]
geooo HRED p §i6g,r(1)gl7eivle6r?[s % >0 _ 1,88:150 ryr* i Ei?ta _
% oo 6n=7.5 MeV %400;— signal events i:)g_n)i K_
L“4000 5.4% * EJ' 300 — ~18% ' ‘ : AR

3000 bkg + Aj signal range - ; bkg B

2000

1000 sideband sideband

= = 5700 55 56 57
e Y M yryon [GeV]

* More than a factor of 10 lower signal statistics in A,— Jy p
analysis than in A,— Jy p K

« Relative background fraction higher by more than a factor of 3
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Ab0—> J/wpn Cabibbo suppressed

21

'J

S xE LHCb : % Ik ++*; 2 5
= _F reliminary 3 b - 2
oS 20F P yE {u—b——--..__,_u}H: Tz _:_,,—__*_ 1~ & g
& uF 3 e =
n . B L 8_
2 E PS—>Jlyp S .
20F el o — o — | — 199
o s A H —— =
166 | ] & H
m3, [GeV?] "‘b[ E; > > i (ASIN 08) /PIoTA Teustg
N(1535) and other N’s > p = "2~ =Soig,
l Cabibbo favored @
SISO T T e iy case)
2 160 + —;
&iig_ ¢ * No obvious structure in
Sl Ty
R TS SIN -
L S + _f Statistics is low.
£ 6ok ++ ++ | E < Proper amplitude analysis
2R ++|. " E N necessary to check for
S } E consistency with
20f
0;—_.'.-* L et Cabibbo favored
1 1.5 2 2.5 A 0= JhypK-

Nucleon excitations

My [GeV]

u
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Model of conventional N* resonances

Better established states from PDG

Only
significant
states All states
A= Jlypm limitL  limit L
State JP My (MeV) Ty (MeV) # of complex
couplings

Red. Ext.
NR pr 1/2- - - 4 4
N(1440) 1/2* 1430 350 3 4
N(1520) 3/2° 1515 115 3 3]
N(1535) 1/2- 1535 150 4 4
N(1650) 1/2- 1655 140 1 4
N(1675) 5/2- 1675 150 3 5
N(1680) 5/2* 1685 130 0 3
N(1700) 3/2- 1700 150 0 3
N(1710) 1/2+ 1710 100 Lo 4 states
N(1720) 3/2* 1720 250 [ 31 |5
N(1875) 3/2~ 1875 250 0 3
N(1900) 3/2* 1900 200 0 3
N(2190) 7/2- 2190 500 0 I3
N(2300) 1/2* 2300 340 0 3
N(2570) 5/2- 2570 250 0 3
Total # of free parameters 40 106

22

—

* Use reduced model for central
values, extended for systematics
and significance of exotic
contributions

« Because of insufficient statistics
forced to neglect higher orbital
angular momenta for most of the N*

« Almost as many free parameters in
the fitas in A,— Jhy p K with 14
times smaller statistics and 3 times
higher relative bkg
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Exotic hadron contributions to A,— Jy p T

* Open ended search for exotic hadrons in A,—> Jwy p
with the present statistics is not possible

« Test data for presence of previously observed states:

— P.(4380)*,P.(4450)*— J/y p observed by LHCb in A,— Jhy p K

« Masses, widths, P_*- decay helicity couplings fixed (fit only their
production couplings — 4 free parameters). Varied within the errors
for the systematics.

 Fix JP assignments to (3/2-,5/2+). Use other possible assignments
for the systematics.

« Significance determined including all systematic effects.
— Z.(4200)*— J/y n* observed by Belle in B'— Jhy n* K-
[PRD, 90, 112009 (2014)]
* Mass, width fixed. Varied for the systematics.
» Helicity couplings are free (10 fit parameters).
« JP=1* well determined.

A

Ab"

f

1
O
O ccloaol o
|
N
°

7

-
|
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Yields/ (25 MeV)

Amplitude fits to Ab—> J/\|] p
. | A LoE o Tttt
 Significance of E”O (TI) + LHCb 1F LHCb
P(4380)" P((4450)*, Zypf 7 1 P" L
Z.(4200) taken 0ok Sl m,.>1.8 GeV |
. = C 1=k
togetheris 3.1c S sof ok i N
=F 1FYE ] preliminary
g 60¢ T[15E i [ E
LHCbH —=a— Data C 11 E g™
102 —— RMN*+Z+2P, Fi{ 40 410 ST '+ E
C = EM N* Fit ] C ¥ ] C iy “, by
~ws P(4450) 1 200 4 1| PET LR * E
S P(4380) 1 C 4 ] AN e
-~ Z(4200) C |
4.5 5 5
10 E 3 mJ;’q_Ip [Ge\ ]
: A ] %130f (@ — (b) LHCb _
11 Z160f s¢m,>1.8 GeV =
i C L ]
. N - E
'1'1 T 5 . 55 Z120f = preliminary 4 |L E
m, [GeV] 2100t 5 i E
S : ;
 Evidence for exotic 60f - I ]
hadron contributions 40f 3 NN
to Ap—> Jypn! 20F 434 R\,
0= 3.5 4 45

M jpyr [GeV]
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Results for A,— Jyprn —

* Significance of P.(4380)*,P.(4450)*, Z.(4200) taken together
IS 3.1c (including systematic uncertainty) — evidence for
exotic hadrons.

 Individual exotic hadron contributions are not significant. For
example, significance of P.(4380)* plus P.(4450)* is <1.7c -
no independent confirmation of the P_* states (it increases to
an evidence level, 3.3c, if assume production of Z_(4200) is
negligible).

Fit fraction (%) BR(A,—P,"m)/BR(A,—>P,K")

Z.(4200) 7.7 +2.8%3%

P.(4380)* 5.1+ 1.5%%1 0.050 + 0.01623:922 + 0.025

P.(4450)* 1.6 13806 0.033 #3918 *0:055+ 0.009
Expected if the additional internal W emission diagram negligible: 0.07~0.08

H.-Y. Cheng and C.-K. Chua, PRD, 92 (2015) 096009, arXiv:1509.03708.

The A,— J/y p m data are consistent with the presence of P,(4380)*,P.(4450)* at the
level expected from A,— Jiy p K- measurement and Cabibbo suppression.
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Confusing experimental situation concerni
Sz BoJiweK LUy states PP Jiy...

ol CDF 2008

(refs in the tables

in backup slides) DO 2015

Belle 2009 (unpublished)

D0 run I, 10.4 fb”
{ Data -0.025=Lxy=0 cm
—Fit

Events / (0.01 GeVic?)

1.2 1.3 14 1.5 --— Signal
AM (GeV/ic®) - Background
o X(4274)7 :
L3792 . coF 2011 e 1 i
~310 . T z 3 g X 3 i rg:

ol (unpublished) E
4 O run I, 10.4 i '
2 t Data -0.025<Lxy=0 cm E

—Fit 3

-~ Gignal o

Candidates per 10 MeV/c?

]

mULCKTK ) -m (T ---- Background (b)

CMS, \5 7 Tev, L 52fb

o 5 . . +11<s ertaity bapd | 1000 1100 1200 1300
; " y — mixi
F 5920 s Eventmia Swhm M(dhya)-M(Jhy) [MeV]

If;; 2 T o T M{(dJ/yr) (GeVlcz}E BOO DO run I, 10.4 fb™
= 20p BaBar 2014 = = } Data Lyy>0.025 ]
= °F1.6c + aBar 20 § o0 02018 Ly cm ;
= - _ ]
15 = 400 - Bignal =
Am [GeV] ;—2) e 398 5.7 - Background () E
s P@Runl, 10.4fb" +Data () @ f Nt 200 ] | I E
L —Full Fif 5: ',; _L .; ) % ; < = i) " AP T COI EPEPENIE EP P BN UM BN 1]
D0 2013  --x(4140, of s wa et 415 42 425 43 435 44

--X(4330) 7 19 20 21 22" 23 My &) [GeV]
PHSP m3,,, (GeV/c?y

«  Some experiments saw narrow X(4140) [i.e. Y(4140)], some didn't.

N(B*) / 30 MeV
N £
R

. Possibly 2™ J/y¢ structure in B decays, X(4274), but seen at inconsistent mass. No published
45 claim of its significance.

. Possibly X(4351) state seen in yy collisions

o




LHCb Tetra- and Penta-quarks in LHCb, T. Skwarnicki Meson 2016
| Y

27

LHCb B* — J/y ¢ K* data samples (316

B*— Jhy ¢ K*

— 600
E (non-B bkg subtracted)
$(1020)
£ 400 LHCb
=
S i
8 100 preliminary

200

100 }

1000 1010 1020 1030 1040 1050 1060 1070 1080 1090 1100

signal range Ty b [MEN]

=
< 400 Bt 4,289+151
< 350 signal events
5 300 LHCb
S 0 I
o i 23+6 % preliminary
O
200 bkg
100 : : -
< AN
IS TP I DS R Lo
320 5240 5260 5280 5300 5320 5340 5360
My 0ok [MeV]

signal
range

LHCb-PAPER-2016-018
LHCb-PAPER-2016-019

In preparation

« Statistically, the most
powerful B — Jhy ¢ K
sample analyzed so
far

Use sidebands to subtract
background
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B*>J/v ¢ K*

p- 23 "
2 ® .It'.':-'_’ oyt S35 < LHCb
9 = '.i.g: -r;‘.-{\% ."':r‘~*..1¢
- B ST £ SO v - -
S 2o AT TR . preliminary
oS - D H ERe . : R LR
T IO T R O PR U
- e " oew o, . . u* T e ! . . ®
21 AR e S R
RIS Ay s ol 2 LU AR I s TR
B ST 2 Ve nd mtdas el Sl PR
- et e ’ﬁ"} < x “4"'-".:' »?”,’.*I'l %
Pl el RSN O ot < S et s
o % ',r':'::' 5".!"' » .'§-'. - ."d":?"' O', St :( v ?
: LD ~?§!.’%"‘ k. 0:... f'.ﬁ:‘ . .*...-":. . 0;}. .’..'\:v > "‘.‘
10f- B AR et e
: N A S L S o T
: ] Y ¥.. . i .‘-I‘b.(g .:!‘zzﬁ\‘ n... ‘%'5 -?‘
18F= LA B S R RS R B e |
- T TN AN Sy
C e e Mol ¥ 'f-?.—:i w".’;-"ff-ta.‘ .
17k N e
™ Il I 1l 1l I 1l . Il b . il I Il

4’%..-

m2 , [GeVA]

—~ 3
= OO:
§ B background subtracted
2 250,_ LI_]_:Ct)_ —m@— and efficiency corrected
= | preliminary
5 [
2 200[-
= [
= [
C[J -
& 150}
100]- o
; b Y
sof- B_{ﬁ
- _‘_-\S W -
- | | ] | ] ] u}l\(
19100 1500 1600 1700 1800 1900 2000 2100 2200 2300

m - [MeV]

Kaon excitations

5

— X7 «—

—

}X

e

—

— X(?)

B.{b—»—m&

W
—— X(4274) ?

It il o

u—-‘—\_\-ﬂ;ﬁ

“— X(4140)? —
— Jyd

28

|

My e [MeV]

background subtracted

LHCb
—— 2 nd_efflcwen_cy corrected
preliminary

Tetraquark

[l [

———
—_—

4100 4200 4300 4400 4500 4600. 4700 4800

o F—E ——

S = (= (=4 (=
™ (=) [>e] O <t

— —

(ASIN 01)/PIIA [eUSIS

(=
(o]

06
69

Are these reflections of
interfering K™= — ¢K- ?
Proper amplitude analysis

necessary to check
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LHCb vs CMS data

» Compare my,,, to the CMS data (the previous best sample).
* Non-B background subtracted, corrected for signal efficiency.

S Used publically available CMS
Z 300 background-free distribution and CMS
= - CMS efficiency dependence on my,,
(|

S 250 = | HCb (pre”minary) LHCb efficiency corrections via
= 6D parameterization of efficiency
> in all dimensions of the decay

— 200

& phase-space.

20

2 150 + ++++ + Normalized to the same area.

o]

;:5 100 + iF{?- +++ & o The vertical scale is arbitrary.

:}_“:

: VE T i it

2 +$

=
= Of 4

m ] L I ] L I I ] ] I L ] I 11 ] I ] L ] I

4200 4300 4400 4500 4600 4700 4800
My e MeV]

 LHCb data more precise.
« Qualitative agreement over the full mass range.
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Amplitude analysis needed

 Amplitude analysis is needed to demonstrate that the X— J/y ¢ peaks
are not due to reflections of interfering kaon excitations (“K*”)
decaying to ¢K*
— Smoothness of my, spectrum does not mean that there are no kaon
excitations in the data. The narrowest known K* state in the relevant
mass range is 150 MeV. Many overlapping resonances expected. Only

analysis of the masses in correlation with the decay angles can
disentangle them.

* All previous analyses performed naive 1D mass fits to m,;,,

— Ad hoc assumptions about kaon contributions (e.g. 3-body phase-space
distribution, incoherent)

— No sensitivity to JPC of X structures

Perform first amplitude analysis of B*—>J/y ¢ K* g+ rest frame

py &
Q=(6..0,,A8, .05, A0, ) P o /3151

 rest frame K'rest frame

6D maximum likelihood fit

1-4 independent complex helicity
couplinas H, per K*resonance

‘MatrixEIe(mm,Q | Jg, Mg, T, HR)‘2
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Mass range in B*— Jhy¢K*

Model of conventional K* resonances

« 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 in this mass range are broad: I'~150-400 MeV

D, D, Guidance from quark model
T 2200 —=an— __IF was used to inform choices for
2 a0 2P, & T o K* sector
=y 20003 SO_ 21 3 i 2 PO 1 3 3=
% F = — ==, o %, Try both known and unknown K*
= JaaE > Fz=F oF 2 states
F*T & 22 o8 HE oy |
v 1600 2is— U > EZrp7 No constraints placed on mass
o2 ST o 1Mo Os < 2 or width parameters (fits don’t
F § : =S8 _& g depend on predictions or
12000 % 87 TP% Godtrerisur previous measurements)
1000~ i “ £ PRD32189(1985) Take K* contributions greater
s00f- g “Z  Established than ~2c significance.
p o
600
s =
-IL 0 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1
00 0 1 2 3

01U 11T 0727272 137337 24

V
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mplitude fits with kaon exci

- LHC) = | ek o ) T

. i*i +£ background = p b= 10 * —— total fit (K*s)

:_ + ﬁ _._++ % 100 LHCh H 'TH —— background
£ HJf ﬁ;

7 2 sof ? +
S F {*

3 " reliminar :F 60 HH +

- R P HWH

= wof 1t ++ preliminary *

: 7] — i

ok 1500 1600 1700 1800 1900 2000 2100 2200 2300 0 -4100l .4202). .4300 4400 4500 4600 4700 800
m, . [MeV] [MeV]

My v

Fits without exotic contributions were tried:

— Example: two 2P,+, two 2D,., and one of 13F;., 13D,., 33S,., 31S,.
23P,+, 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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Candidates/(30 MeV)

Candidates/(10 MeV)

Amplitude fit including 4 exotic X resonanc?

B —l—ata
300 + —— total fit
B -+- m— background
- '+' —e— T'NR
250 K(T)
B K'(1)
B —s— K(2)+K'(2)
[~ —_—— K*(T)
200f K2
- —— K(0)
- == 1" X(4140)
150 — 1" X(4274)
B e 07 X(4500)
- i 07 X(4700)
100]~ —— 0" NRy,
sof-
E W s LHCb
AN e e v = I
1500 1600 1700 1800 1900 00 2300 i
my i [MeV]
L p=22%
120~ P LHCb
- preliminary
100p= .
- X(4700)
sof= X
C 8.
60J
40
20
4100 4800

™ [MeV]

T

Candidates/(30 MeV)

100

50

4300
MeV]

My, x [

We considered adding possible exotic
X—=Jhy ¢ and Z*—J/y K* states as
well as removing insignificant or
implausible (I'>1000 or <100 MeV)
conventional K*—¢ K* states leading
us to a default model

Only X states give very significant
Improvements in fit qualities over the
models with K*s alone

The default fit model is shown here.
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Fitted angles

LHCb
- data - T NR = data - T NR,
——fotal fit K{ '1+:| ——fotal fit K{ '1+}
—— Di]C h’.grﬂl.ll'ld Kr{ .1"‘:' —— I:Ii]{: Kgr{]l.ll'ld Hr{ .1"‘:'
-_D NRJ."UG —E—K{E-:""Kl[E- '-'D NRJ."U’D —E—H(E-}"'H.(E-

=== 1" X(4140) s

2 1* x(4274) = K'(1)
s 0% X(4500) = K*(2')
{07 X(4700) K(O) .

=== 1" X(4140) N
= 1 x(4274) = K'(1)
1 07 X(4500) — K*(2)
0" X(4700) —K(0 ]'I

« Fit quality is good in all fitted variables
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K* results

Default model: 6 K* resonances (of 4 different J°) + 1 NR ¢K
2857h, 2D,

| % — 3
% 2200k= . — f*‘)3nl— FE,
Ourresults = F = G5— | 3 b P =
are given o~ 20002 o 2°E 1D > PE
points with AL 2 2 TS Ms 8
= 3 e ) =/ 1 = M
error bars 1600 2’S — i 2 ED-Y
rl - -
1400fr 0T © 1P, =
& 2 S — 3 -
Excellent N - T S "
1200F = = & 2
agreement 2 ¥ 8 0=
- = b
between our 1000~ e
esulisand - 1S RO 5 8 s
both theory SIS 3 .

- i v Established
and previous S0 |
experiments F g = Unconfirmed
(see backup slide for 4o L + 1+ 1 o
numerical results) 0 2 3 i

oo 1T 1I'T MRT22 13733 2%

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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X( 1++)
» LHCb
preliminary Contri-  sign. Fit results
100 bution  or Ref. My MeV Iy MeV FF. %

* All X(17) 16£3 T 9
¥ H X(4140) 840 [41465=4.5%48 | [83£21720 | 13+32%435
60 i if'i ave. 4146.9£2.3 17.8+6.8

%Hf# H X(4274) 600 [42733+837172| [56=11 5 |  7.1+25733
40 & CDF 42744754 +£1.9( (3212 +8

kg ﬂ

P~

CMS

i

20

 Significant X(4140) 8.4c,

4313.8£5.3£7.3

— mass consistent with the previous measurements,

but the width substantially larger

RIS [

— JPC=1** determined at 5.7¢ including systematic errors

 Significant X(4274) 6.0c,

— Consistent with the unpublished CDF results. First significant claim

for this structure.

— JPC=1** determined at 5.8c including systematic errors
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X(O++)

* + I|5Ir_|eclirt1)1inary

ﬁ# X(4ﬂOO)

b i
ﬁ” ik
» afan (0 )X?) Wi ﬁ

T

Contri- sign. Fit results
bution My, MeV o MeV FF. %

All X(0%) 28+ 5 I
NRJ;L:;@ 6.40 46+11 iéi
X(4500)  6.1¢  4506+11F12 92421730 6.6+£2.4737
X(4700)  5.60  4704+10% 120431142 12+ 5% 2

¢ ’ ’ maERRAE P i = T (AT .
4100 4200 4300 4400 4500 4600 4700 4800
my,, . [MeV]

« Significant structures at higher masses, best

described by two new O0** resonances

X(4500),X(4700):

— Significances of 6.1c, 5.6c

— JPC=0** determined at 4.0c, 4.50, respectively
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X exotics as D)D) cusps?

Breit-Wigner Model Cusps Model
K
B / B
D ()
X DS(*)+

/ Jy =
1
BW (m|Mp. ) Mz mz-_ tMpl'(m) d\ / (Ix

d3q o242/

[1(m|Bo)= /(QW)S m— My— Mg — L 1ic

2paB

Cusp model by
E. S. Swanson, arXiv:1504.07952
(see also PRD91, 034009 (2015))



LHCb Tetra- and Penta-quarks in LHCb, T. Skwarnicki Meson 2016 39 >
_

Argand diagram: Breit-Wigner vs cusp

Peak
amplitude

—~ 1 ® |

& :
< | BW
£ 0.8 ;
0f ;
0¥ §
0.2F §
o] i . Below threshold Peak
m amplitude

0.2 |

=G 0 0.2 0.4 0.6 0.8 1

Different shape and phase running with mass Re A(m)
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Cusps

« Cusp peaks at the sum of masses of the virtual narrow-D., ") pairs.
« Width of cusp in Swanson model is controlled with a free parameter (3,)
« JPof cusp determined by JPs of virtual D, pairs (cusps occur in S-wave)

x10~°
0.14 ; () All combinations of
=0 —DsDgy narrow D, excitations
012 —1 RO
0 . ‘
- N L i
01 _1_ - DSODSX \_ ::'- 2‘
0.08F —2
- ==
0.06F - :
0.04 Py (B,=0.3 GeV)
0.02 ' . :
(f bmiins L - e -
4.2 4.3 4.4 4.5 4.6 GeV]
* m e
Is X(4140) a D.*D. " cusp ? Sy
Right JP=1* R
gntJ IS X(4274) a D,"Dy," cusp ?

Wrong JP=0"
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Is X(4140) a D_,*D. " cusp ?

Candidates (10 MeV)

B,=297+20 MeV
vs 300 MeV used by Swanson

Mrye [I'v{e’iv']

D.*D. " cusp

* The cusp is preferred by 1.6-3c over the Breit-Wigner
amplitude for X(4140) from the fit likelihood ratio

* No success in describing any other J/w$ mass structures as
a cusp
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Theoretical interpretations of X(4140),X(4274) =

Molecular models Tightly-bound @
« The determination of the quantum tetraquark models @
numbers of X(4140) as JPc=1**
rules out many interpretations. * There are tetraquark models which
Namely, 0** or 2** D _.*D* predict states with JP¢=0-*, 1-* or 0**,
molecules. The large width is also 2** near X(4140); these can be ruled
not expected for true molecular out.

bound states.

« Atetraquark model implemented by

« However, X(4140) may be a 1** Stancu [JP G37, 075017 (2010),
D.D.* cusp (form of rescattering) arXiv:0906.2485] correctly assigns
1** to X(4140) and predicts a second
Hybrid models 1** state at a mass not much higher

* Hybrid charmonium states than X(4274)

proposed for X(4140) would have
JPC=1-*. Thus they are also ruled « A Lattice calculation by Padmanth et

out. al [PRD92, 034501 (2015)], based
on a diquark tetraquark model, found
no evidence for a 1** tetraquark
below 4.2 GeV
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Summary

We have demonstrated that exotic hadron contributions are present in B® — y'n*K-
and A, — J/y p K decays with the model independent approach.

Using amplitude analysis we have confirmed Z,(4430)*— y'n* in B? —» y'n*K- and
demonstrated its resonant character with Argand diagram.

Using amplitude analysis we have observed two pentaquark P_(4450)*,P.(4380)" —
J/y p candidates in A, —» Jhy p K

Using amplitude analysis we have found 3.1c evidence for exotic hadron
contributions in A, — J/y p © , but confusion between P (4450)*,P.(4380)* and
Z.(4200)" — J/y m contributions prevents establishing either pentaquark or Z.(4200)
in these decays. We have demonstrated that the A, —» J/y p © data are consistent
with the P.(4450)*,P.(4380)* rate measured in A, — J/y p K- and Cabibbo

suppression. preliminary
The first full amplitude analysis of B*—J/y ¢ K* decays has been performed. The
data cannot be described by a model that contains only excited kaon states
decaying into ¢ K* and four J/y ¢ structures are observed, each with
significance over 50. The quantum numbers of these structures are
determined with significance of at least 4c. The lightest is best described as a
D.*D." cusp, but a resonant interpretation is also possible with mass consistent with,
but width much larger than, previous measurements of the claimed X(4140) state.
We have also contributed to kaon spectroscopy for higher-mass excitations.

preliminary
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Confusing experimental situation concerni
X—J/yo states

X(4140) summary

Year Experiment Ref B — JWoK X (4140) peak

luminosity statistics mass [ MeV | width [MeV ] sign. fraction %
2008 CDF 2.7 th™! PRL 102,242002 58+ 10 4143.0+£2.9+12 11.775543.7 3.80
2009 Belle LP2009 (unpub.) 325+£21  4143.0 fixed 11.7 fixed 1.90
2011  CDF 6.0 fb=!  arXiv:1101.6058 (unpub.) 115+12 41434735406 1537.%*4+25 500 14.943.9424
2011  LHCDH 0.37 fb! PRDS&5, 091103 346 £20  4143.4 fixed 15.3 fixed l4de < 7@ 90%CL
2013 CMS 5.2 fb~! PL, B734, 261 2480 =160 4148.0+£2.446.3 QSﬂ“;':I:lQ 5.00  10+£3 (stat.)
2013 DO 10.4 th™! PRD89, 012004 215437  4159.044.346.6 19.9+12675)  3.1¢ 214844
2014  BaBar 422 fb~! PRDO91, 012003 180 + 14 41434 fixed 15.3 fixed 1.6c < 13.3 @ 90%CL
2015 D0 10.4 fb! PRL, 115, 232001 pp— Jpb... 41525417782 16.3+5.6+11.4 4.70 (5.70)

Average 4146.94+2.3 17.8+6.8
X(4274-4351) summary

Year Experiment Ref B — JhpoK X (4274 — 4351) peaks(s)

luminosity statistics mass [ MeV | width [MeV |  sign. fraction [%)]
2011 CDF 6.0 fb~'  arXiv:1101.6058 (unpub.) 115412 42744757419 323735476 3.0
2011 LHCbD 0.37 b~ PRDS85, 091103 346 £20 42744 fixed 32.3 fixed < 8 @ 90%CL
2013 CMS 5.2 fh~! PL, B734, 261 2480+ 160 4313.845347.3 3870416
2013 D0 104 fb~! PRD89, 012004 215+ 37  4328.5+12.0 30 fixed
2014 BaBar 422 fb! PRD91, 012003 189 £14 42744 fixed 32.3 fixed 1.20 < 18.1 @ 90%CL
2010  Belle 825 fb! PRL 104, 112004 vy — Jhbe 43506 T3040.7 1371544 3.20




LHCb Tetra- and Penta-quarks in LHCb, T. Skwarnicki Meson 2016

W_—+
Amplitude fit results to B*—>J/y ¢ K

LHCDb Preliminary!

Contri- sign. Fit results
bution or Ref. My MeV 'y MeV F.F. % I fL
all K(1¥) B8.0c 42+ 8% 4
NRgx 16+137% 0524029 0.21+0.16
K(1*) 7.6 1793+597% 3651571 1221010 0.24£0.21 0.37£0.17
2P, 1900
K, (1650) 1650450 150+ 50
K'(1%) 190  1968+65 0 3964170178 23420150 0.04 £0.08 0.49+0.10
2P [45] 1930
all K(2-) 5.60 11+ 372
K(2-) 500 177743512 217+116 321 0.64+0.11 0.13+0.13
1'Dy (45 1780
K4(1770)  [36 773+ 8 188+ 14
K'(2-) 30c 18 5327+ 1B 167+ 58+ 53 0.53+£0.14 0.04 £0.08
1*p, [45] 1810
K4(1820)  [36] 1816413 276+ 35
K*(17) 8For 17222073 354+ THHN 6.7+1.9732 0.82+004 0.03+0.03
13D, [45] 1780
K*(1680)  [36 T1T+27 322+110
K*(27) 540 207394720 67831171157 29408717 0.15£0.06 0.79+0.08
2P, [45] 1940
K3(1980)  [36] 1973426 373+ 60
K{07) 350 1874+437 7 168+ 90 28 26+1.123 1.0
315, |45 2020
K(1830)  [36] ~ 1830 ~ 250
Al X(17) 16£3 T7
X(4140) 840 4146.5+4.5F18 8342142 13+3.2 433
ave. Table[l] 4146.0+2.3 17.846.8
X(4274)  6.00 4273.3+8.31172 56+1175 71425135
CDF 4274454 +19 32+32 48
CMS 24] 4313.8+5.3+7.3 3873+ 16
AL X(0%) 28+ 5 I
NRyys  6.do 4611 41
X(4500)  6.1c  4506%11 F12 9242142 6.6+2.4+33
X(4700) 560 4704+10 11 120+31 *42 12+ 5+ 2

= —

‘Asg.m.n ‘
fL - ‘AB—;_quﬁ* ‘As_a.m,f( ‘ +‘AB_—‘+J{'+'ﬁ
AT _ AT Ao
1 7 ,
‘AB“-U!.DK‘ ‘2
fL= ‘Af:_.r{w{ ‘ ‘AB—stwh ‘ +‘Af=_.+_;{u,ﬁ—, 3

LHCb-PAPER-2016-019
In preparation
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_
X(5568)*—B.n* from DO —_—

@ X(5568)* — Blr* decay reported by DO in February with
a significance of 5.1¢0

@ Signal implies large production rate within DO acceptance

DO o(pp — X + anything) x B(X — B7)
PX = — 0 :
o(pp — Bs + anything) DOAcc.
— (86+1.9+1.4)%
2000 , DORunll 104 f5' «u: ”‘”“m"-“"‘“*'| | |
b F = i 1yt
s 5,582+ 1008, | §° | B
o k i3 — T
od - syl
—~ 1000 5. B3 3 = : 5T B GE5
_g. __+ a0 _ m iR 1mnun" — IGAVIE ‘%
[« — » ®E o
1:1’: - 5 LI N— - od
> 500F 2ol 8 = e 2
a %f‘: {/ &FJ;E + ﬂ-r;rE < 0.3 E
3 oE TR 3
0 - s a2 wf F Riab: t
2.8 5 5.2 5.4 5.6 5.8 6 Y ;
m (J /1y o) [GeV/c?] i s
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WS~ rrrov ok ot LR
No X(5568)*—B_r* in LHCb data =

@ LHCDb search first reported at Moriond

@ Study based on large clean samples of BY decays

@ (Right) no peak observed in m(B27) from X(5568)

@ Upper limits set on production in the LHCb acceptance

0.009 (0.010) @ 90 (95) % CL { 5GeV/c
Bg

0.016 (0.018) @ 90 (95)% CL FT 10GeV/c
o emof T o o o o T E = i T
i e ety > 250 -LHCb Preliminary Bl cimea s e
3 B? » Dim Q B ]
H = B |:|Comhinaturial ]
§ 66,300 + 300 B, 200 .
g T -
S 150 .
D) eI S - N 3
T AL 8 100f- . <
h 46,300 + 20D|B, 50 3 i
= : ‘. ©
= )] ol T N RN RS IRUVEN BN UTIVES AT SR W I 8
s - e = 5520 5540 5560 5580 5600 5620 5640 5660 5680 5700
T m(B2r-) [MeV/c] 5
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Model independent analysis: J/yK

LHCb-PAPER-2016-009 arXiv:1604.05708

—PDF(M, [,

1000

B

800

Yield / (20 MeV)

600 LHCD

PDF(M, ,,,«[Ho)

400

200

3.6 3.8 4 4.2 4.4 4 6

wK[Ge\]

* Rule out the A*-only hypothesis at 5.3c (vs 9o using my,,)

« Points to exotic structructures in Jhyp being more likely than in
JhyK
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Rectangular Dalitz plane LHCh-PAPER-2015.038
LHCb PRD 92, 112009 (2015)

* For fixed my, there is one-to-one relation between m, and

cosOK* 0 e
B ymk (efficiency corrected)

Ip
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2 2 2
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_
Rectangular Dalitz plane |

LHCb-PAPER-2016-009 arXiv:1604.05708
* For fixed my, there is one-to-one relation between m,, , and

COSO ALC— JhypK-  (efficiency corrected)
R T L lg Lb o7

261 = k-

) i o ..;:'-'
oa .
22F - = i

- i _' -?_ [ Y
20 E— —E E- : —1s5
18| ] ¥
16|, g !

=

N
0
(3

m,,=m’+m:+2(E E +p, p,cosd,.)

p;—EZ—mZ p§=E2—m2

v y p P
2 2 2 2 2 2
E :mAb—mW—pr c _pr+mp—mK
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Legendre Moments

simulation

Interfering A* resonances:

Asymmetric (P-violation in A, decays!)
but relatively smooth cos6,. distributions

1.6 1.8 2 22 24
My, [GeV]

K*/A* can contribute only to
low-rank moments
l..x =J,+J, forinterfering resonances

In K*/A*-only | —2]
hypothesis (H) max max

J ... 1S the highest spin of
K*/A* resonance possible

simulation x10°

Two interfering P.* resonances:

Reflection peak in cos6 . distributions,
moving its position with my,

1.6 1.8 2 22 24

my, [GeV]
Reflections of exotic hadrons can
contribute to low and high rank moments:

Detecting non-zero moments above /, .
signals presence of exotics

The narrower the peak the higher the /.
required. The sensitivity is better for narrower
exotic hadrons.

Exotic hadron contributions spread over wide
range of my /my,. An effective way of testing H,
Is to aggregate the information about
COSOyxp, moments in a function of m,../m,,.
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lllustrations using amplitude models of A, °— J\ypK

Only exotic hadrons can contribute to excluded moments  The narrower the exotic hadron the better the sensitivity

%10’ %10’ %10’ x-mj ><1|0’I T T — x}o’ Y
100 ! T Tl T ;i | _". - .
A I=1 =2 =3 100f {2 =2 [=3
s b 1. ] - /\ .

— P (4380)" "

+ - * ""'-u.......-..-‘. ' .‘. a ------- -100-| .--- BC('_]-_'LS'UJ'_ $

. -
-----

....I....I....I....I...I....H L1 1 LI L A N BN B | O
T T - I B e e L e - 2 T [

O
L.
........
s

100f 1 I ]
[ I=4 1 —;\:E:ts l]=: I=6 100'_5 [=4 ’_5 1—6:
4" O + [ = " ] -
S0k A1 PC(—I-JbO) 1 ] [ :'E - - H :'E
1A St ¥ ot : . 5 3
E - PC(-—_HDO) - :
A i ‘_,_?.ﬂ'-'——, : }_:__ :_' N A )
S yo F il simulation : < ~ 1000 T .
100_}:':::::::[_}::::}::::r}‘? ——————f &~ ::' : : —tr—t i : q
V - -- T ] V [ — — —
1=7 1 =8 1=9 o 1=7 I=8 } [=9
so- + 1 . [ S - e, A
L L [ 5 u :: F “' . ::
‘e 0 - .. -: 1 -
. S - [ i S - S N u e -
0'*-. Ta el - ¥ 4.". - B ‘:' .v »* = = B :. - 3 :-: - . = .._:
:I:’.: 1 r:l .: 1 Il |‘ L 100:-I: 1 -I--I ‘- ] — --I L n
100 T 1 g —t—tt T =ttt HT | L H 1 1 LI | T LI Hl | L H
1=10} =11 =121 L} =10} 1=11} 1=12
sof I 1 ] L A R P
[ - .c‘ . '4. "y u . x *e .o" ..‘ )
™ - R — et
- - u ry F- - ., = R * * LA
HPTT LI L - - o1 = o e Tount® L
—'E ., - N ;-——. ----- 7 T T A i . X K} . -
] il " [ | ] | -IOO-I — ey i ] d
15 2 15 2 15 2 25 1.5 2 15 2 15 2 25

[GeV] | | m, [GeV]

. . [
e Disclaimers: Kp

— these are high statistics simulations to eliminate any statistical fluctuations (vertical scale is arbitrary)

— exotic hadron contributions are usually only a few % fit fractions, thus the amplitudes of the red curves is
expected to be small in the real data
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In preparation for quantitative test —

=31
% 1000 H PDF(m,, |H.)
= = s // Jlyp
= [ $
= 800} r 1‘, LHCDb
= B g
pe B . \
600 4:4* s, ¢t
400__ -* PDF(mJ/yxp|HO)
: HO: lmax(mKﬂ:)
200
0_ N T B B B
4 4.2 44 4.6 4.8 5

m 1y p [GEV]

« Creating H, hypothesis helps since exotic hadrons will generate higher
moments than can be accommodated in H, (A*-only hypothesis), but not
very high moments:

— Very high moments driven by statistical fluctuations

— Looking for significance of moments with ranks just above /,  (my. ) iS more sensitive
than looking at any rank moments above /(M)
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The data vs amplitude simulations
(F, means PDF)

Soenm Fu(A(-2InL) | H) 10°F model independent analysis
gl ; I E . _:_:H_F[ A(-2InL) H:]:I

180

Simulations based [
m— A% on amplitude models .|

160

e Bif Gaussian fit

LHCD

data

14{] f— h:::. K

'-_'f-}'-':' «<— " undetectable!
| —=— A*.P(4380) =102 MeY

1 =
120 ;

100

Number of pseudoexperiments

80 : 0020 40 20 80 100120140 160180
P_(4380) '=205 MeV,
60 P.(4450) T=39 MecV
now easily
40 detectable
20
{] '--.--' Tz ||||||||||||||||||I||
0 50 100 150 200 250 300 350 400
A(-2InL)

The data point falls in the region predicted by the full amplitude model (i.e. A*s+2P_s)
[speaks to the quality of the amplitude model]

The sensitivity of the method depends dramatically on a P, width; P_(4380)* does not
contribute much to the model independent result [know it from amplitude simulations]



