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Charmonium: The cc spectrum

<y arXiv:1411.5997
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Cornell potential vs lattice QCD
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http://arxiv.org/abs/1411.5997
http://arxiv.org/abs/hep-ph/0701117
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The X (3872)

Candidates / 5 MeV

Candidates / 5 MeV

The X(3872)
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X (3872) decays

Approx. product branching fractions

B(B — KX) x B(X — D*'D") ~1x10"
B(B — KX) x B(X = Ji nr) ~1x107°
~—
P
B(B — KX) x B(X = J/jpw) 0.6 x 107° Alowed in
BB = KX) x BX = 1) V2X10T molecuepicure
_>
B(x—u/z/w)7 ~2-3 [EPJ C75(2015)26]
BB XK )xB(X—pp) -2

B ) B <0.25 x 1072 @95%C.L. (b, & 760(2017110]

B(BT = XK) x B(X = pp) <6x107°

for a more details and precise values see the review —; arXiv:1601.02092
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http://arxiv.org/abs/1601.02092

The X (3872)

Search for X(3872) in B™ — ppK™ [PLB769(2017)10]

Background subtracted spectrum:

; 10* T T T T T =

5 Iy 3

= LHCb -

< 3 15) _

< 10 n( -

= w(2S) E

3 ]
=}

% 107 ES T ZL'O xnl ﬂC(ZS) =

g m, “. e I" ; I ik \ -I. L { L3 ) ’ ‘I‘ _— ] -

U f "i I I 4 1 i .i L |l: i il n |I| i [ !ii

10 i T e

| ‘ 3

1 | L L | L 1 L L |

3000 3500 4000
Mpﬁ [MeV]

Sebastian Neubert (Uni Heidelberg) Exotic Hadrons 18.07.2017  7/39 W&



The X (3872)

Search for narrow charmonia: pp fit model (pLe76902017)10]

State Parametrisation  Signal Yield
n.(1S)*nonres. rel. BW+gaussian 11246 + 119
+ interference

JAp double gaussian 6721 + 93

Xeo(1P) rel. BW+gaussian 84 £ 22

Xe1(1P) gaussian 95+ 16

7. (2S) rel. BW+gaussian 106 +£22  first obs. 6.00
1 (2S) double gaussian 588 =30

1 (3770) rel. BW+gaussian —6+9

X(3872) gaussian —14+38

m 7.(1S) allowed to interfere with ¢ = 0 pp non-resonant component
(phase-space distribution)

B X o(1P),x.1(1P),X(3872) and ¢ (3770) masses fixed to PDG values
AMJ/¢:’7C(1S) =110.2+ 0.5+ 0.9MeV

L, (is) =340+ 1.9+ 1.3MeV
AMy(25) . (25) = 52.5 £ 1.7+ 0.6 MeV
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The X (3872)

X(3872) in muo-production ., arXiv:1707.01796

m COMPASS @ CERN

G 14
= Muon beam 160 or 200 GeV/c on 312
°LiD or NHj, targets g e
m Data corresponds to 14pb ! 2 4
(2003-2011) 8 o IRkl
My, (Gevicy
£ 2?77
+
i3 f
F o ATLAS + + {+ +
i— m COMPASS }
: L I ? IAAI* 1
O_’YN_)X/]TN/ X BRX_>J/,¢)7T.7T — 71 :l: 28 :l: 39 pb Ol 02 03 04 0.5 06 07 On’!;m[[GOgV/sz

$(28) = Jpy(— e eh)?
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http://arxiv.org/abs/1707.01796

The X (3872)

Status of the X (3872)

m JP¢ — 17 established
LHCb [PRL110(2013)222001][PRD92(2015)011102]

Mass m = 3871.69 + 0.17MeV  (in X(3872) —J/i» X decays)
DD" threshold: 3871.81 & 0.09 MeV

Mass difference my — my,, = 775 + 4MeV

Width I' < 1.2 MeV Belle [PRD84(2011)052004]

Mass and decay mode disfavor pure cc state.
JP€ = 1**. D°D* molecule or tetra-quark admixture

m No charged partner, no C = —1 partner found

mX— J/Q/J7r+ﬂ'0 Belle[PRL111(2013)032001],BaBar[PRD71(2005)031501]
m X — Jim Belle[PTEP(2014)043CO01],Belle[PRL111(2013)032001]
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The X (3872)

Upcoming LHCb measurement: X(3872) mass

B Measure
Am = m(X(3872)) — m((2S))

m Expect an improvement in
mass-resolution by factor of ~ 2

m Analysis in internal review
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Resonances in J/3 ¢

Resonances decaying to J/i ¢

ccss Tetraquarks?
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Resonances in J/

Narrow resonances in J/i)¢ (from B-decays)

LHCDb pross(2012)00m03]

PRLICARO0Rao] %s wes 0.37fb~Y ™ Narrow structures in J/i¢
CDF b g Y0 ] discovered by CDF in 2008
34 L h ﬂﬂm m Subsequent observations by
T | DO and CMS
3 —
L ] = BaBar, Belle and LHCb (0.37fb™"):
g }H,L k ] no significant signal
11 12 1A:n (1‘;\”152) g :: .: g Lpec] J]llml!ll_ " [PRL104(2010)112004][PRD91(2015)012003][PRD85(2012)091103]
pe ;
(PRDB9(1)(2014)012004] e 1312(37%) i) e Averages M [MeV] ' [MeV]
(ofDPRmI 0T o (@ 5 ASASNASAGRRGsaPeanansssoaee: X(4140) 41434+£19 15.7+6.3
3 DO —w&;) ;zm— CMS Iﬁ.‘?ﬁ:'gémsrg;gamd E X(4274) 4293 £ 20 35+ 16
S —X(4330) P AR
o r f + P . .
CH XA D Jr - m No amplitude analysis so far
e e . m CDF/CMS X(4274) mass
(PLB734OWN2EY ™ measurements disagree at 3.160
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Resonances in J/2) ¢
[PRL118(2017)022003]
[PRD95(2017)012002]

Fit with K* resonances only

Kaon excitations

2", 2D, E : i
120
> ok —ee— TF, sk —=— data
2 = FS5— 2p, 8§ 0 o T — Bio0f  LHCH H + {-—total fit (K's)
= 2000-—3130_ 2%, 23P0r':2 - 'F 2 . 2 o
T o Bodopn, o F, accessible E sof- + +{++ +
PSS 10 §§13§§3 % phasespace  sof ++ h {
of g CU © SO o Y X
1400:_213027 o P Dﬁ g s — background ¥
S 0§ zig - 83
1200 < -2 SQ 3 n 1 1 1 1 1
F * Q‘léf"-j 02106 420643064200 450046004700~ 4800
1000F- ¥ g mJ,W[MeV]
P IS 5
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W L Fit with two 2P;, two 1D, and one of
[+9= 1
e each 1°F;,1°D,,3°S,,3'S,,2°P,,1°D3, 1°F,
F O I 11022213 33 24 K" candidates + non-resonant S-wave

m Black: Godfrey-Isgur quark model
= Blue: well established states

11 resonances

all parameters floating in the fit.
m Green: unconfirmed states
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Resonances in J/4 ¢

[PRL118(2017)022003]

LHCb: BY — J/¢K"™ amplitude analysis [PRD95(2017)012002]

Xip/ndof = 37.9/22

—a— data
++ —o— total fit
—_— bfckground
— 1 NR@K
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o K (1)
—=— K(2)+K'(2)
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—_— K'(z‘)
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ol == 1' X (4274)

o K
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g 8 &8 8

g
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m 3fb” yield 4289 & 151
BT — J/p¢K " candidates

m 7 K* resonances
+ non-resonant ¢ K amplitude

B 4 exotic resonances in J/i) ¢
m Fit quality on Dalitz-Plot: py,p = 17%
m No J/y K resonances needed
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Resonances in

Results for X(4140), X(4274), X(4500) & X(4700)

[PRL118(2017)022003][PRD95(2017)012002]

State M [MeV] I'[MeV] signi  3°¢ € signi
X(4140) 4146.5 +4.57573 83+ 2177) 840 117 5.70
X(4274) 4273.3+8. 3*17 2 56.2 + 10. 9*11 . 600 17T 5.80
X(4500) 4506 & 11772 92 + 2172} 6.10 0ofF 4.00
X(4700) 4704 + 105?1 120 + 31t§§ 560 077 450

m X(4140) & X(4274) confirmed but with larger width than previous analyses
m First evidence of two new states X(4500) and X(4700)

m Large contribution from K* resonances,
including first observation of K*(1680) — K*¢

® non-resonant contribution in 07" amplitude.
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Candidates/(10 MeV)

Reor Imof -I(2)
o o

Resonances in J/4 ¢

D.D," cusp amplitudes

[PRL118(2017)022003]
[PRD95(2017)012002]

N
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m D.D,* cusp-amplitudes
included in fit

m X(4140) favours D.D.” cusp by
A(=2InL) = 3.0

m X(4274) resonance
fav. over 3° =0~ cusp

® Many cusps at higher masses,
needs future investigation

[PRD91(2015)034009]
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my ,, [MeV] o2k —1 oDt
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Resonances in

Status of J/i)¢ resonances

State M [MeV] rMev] MFPMev]  1HHCP Mmeyv) Pe
X(4140)  41434+19  15.5+6.3 4146.5+4.57 57 83+ 21717, 1+
X(4274) 4293 + 20 35+16  4273.3 +8. 3+17 2 56.2 + 10. 9*11 P R
X(4350) 4350.673% +£0.7 1375% +4 0" or2t
X(4500) 4506 & 11713 92 + 2173 ott
X(4700) 4704 + 10733 120 + 31733 0t

m 1°C = 17" assignment of X(4140) and X(4274) consistent with
non-observation in v fusion

m Are X(4350) and X(4500) the same state?
masses and widths don't match well

m X(4140) consistent with D.D," cusp
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Some Experimental Ideas for Exotic Mesons

Some Experimental Ideas

m Search for spin-exotic charmonia
m A .7 P-wave resonance?
= B> ppmK

®m Y(4260) in B-decays?

m Different production mechanisms for charged exotics
® Z(4430)in B'-decays
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Some Experimental Ideas for Exotic Mesons

The B as a source of Exotic Mesons??
H 0]
Z(4430) In B" ) — (2S) 7w Y(4260) in B-decays?

m Limit from BaBar: B(B —
Y(4260)K — J/pmrK) < 2.9 x 10~°
[PRD73(2006)011101]

I/ [9(28)

m QCD sum rules:
30x10%<1.8x107°

<3y arXiv:1502.00119

(see also — arXiv:1508:06841) m Could be produced in
BY - Y(4260)¢

u B decay Caibbo suppressed m Isolate strangeness in well defined

. . state (¢)
m B, on equal footing ® 3-body final state instead of
m Compare exotic contributions in both 4-body in B™ decay

channels!
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Exotic Baryons

Exotic Baryons
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Exotic Baryons

Two resonances decaying to J/yp [PRLTI5(2015)072001]

6D Amplitude analysis allows to measure resonance parameters

State Mass [MeV] Width [Mev]  1°

P.(4380)T  4380+£8+20 205+ 18+86 3/2°
/ P.(4450)" 44498+ 17+25 39+5+19 5/2F
m Spin parity assignment not unique
m Excluded: same parity solution

o]
[=]
(=]

Events/(15 MeV)

a
o
(=]

m Results confirmed in two
subsequent analyses
B A, — J/YpK moments analysis
[PRL117(2016)082002]
m Ay, — JYypm amplitude analysis
[PRL117(2016)082003]

My, [GeV]
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<3 PRL115(2015)072001 Exotic Baryons

Why a second state with opposing parity?

mg, <1.55GeV  1.55 < mg, < 1.70GeV

IS
o
o

Events/(20 MeV)
n
o

Events/(20 MeV)

1.70 < mg,, <2.00GeV  2.00GeV < mg,

Sebastian Neubert (Uni Heidelberg)

m The peaking structure in my;,, is
asymmetric as a function of cos fp )

m This can be explained by interference of
two states with opposing parity

1
o
=]
S

—— Combined P,
LHCb — P,(4450)
—— P,(4380)

N
o
=]

(5]
o
=]

Corrected events/(0.1)

200

1
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.072001

Exotic Baryons

Models overview

®m Proximity of thresholds suggests

two-body contributions Closeby thresholds
[MeV] P.(4380) P, (4450)
Mass 4380 £ 8 £ 29 44498+ 1.7 25
$TDY 43823424
Xe1(1P)p 4448.93 4 0.07
ATD? 4457.09 + 0.35
».D%" 4459.9 + 0.5
».D%° 4452.7+ 0.5
[EPJ A51(2015)11,152]
Rescattering Hadronic molecules Tightly bound states |
kinematic effect | loosely bound system constituents
of color-singlets carrying color (di-quarks)
above threshold | below threshold no association
- S-wave binding restricts 3° | large multiplets

Sebastian Neubert (Uni Heidelberg) Exotic Hadrons 18.07.2017 24 /39 &



Exotic Baryons

Models overview

m Proximity of thresholds suggests

two-body contributions Closeby thresholds

[MeV] P.(4380)" P.(4450)"

Mass 1380 £ 8 £20 44498+ 1.7+ 25
2DY 43823+24

Xc1 (1P)p 4448.93 + 0.07
ATDO 4457.00 £ 0.35
».D"" 4459.9 £ 0.5

». D=’ 4452.7 £ 0.5

[EPJ A51(2015)11,152]

Rescattering Hadronic molecules Tightly bound states |
kinematic effect | loosely bound system constituents

of color-singlets carrying color (di-quarks)
above threshold | below threshold no association
- S-wave binding restricts 3° | large multiplets
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Exotic Baryons

_ Hadronic molecules | Tightly bound states
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Exotic Baryons

Rescattering: hadronic loops [PRD92(2015)071502]

K= »
/
AY b
N - s ~ ~ o
Xl T/~
Nonrelativistic loop integral: Triangle Singularity given by
5 ) , Landau-equation
GA(E) = d'q q-fa(a”) s o
A @2r)E—m, —m, —G°/2u 14 2y12¥23Y13 = Y12 + Y23 + Y13

with a form factor f, (G°). Yij = (m? +m — (pi + Pj)2> /2mim;
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Exotic Baryons

Rescattering: hadronic loops [PRD92(2015)071502]

KCuspsjust above threshold

R

0.10 0.07 .
S 0osh o But: no cusp in
008} @ oo ®) A elastic channel
— - i here:
= 0.06 = 0.04 PXet
=, =,
& 0.04 & 003
0.02
0.02 0ol
0.00 0.00
440 442 444 446 448 450 440 442 444 446 448 450
Revys [GeV] Revs [GeV]

Triangle Singularity given by

Nonrelativistic loop integral:

/ d’q G’ fA(G%)

(2m)° E—m; —my —§°/2u
with a form factor f,(G%).

Landau-equation

G, (E) 14 2Y12Y23Y13 = Y12 + Y3 + Vi3

Yij = (m? +mi — (p; + Pj)2> /2mim;
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Exotic Baryons

Testing Rescattering Models: A, —x.(1P) p K

m Even in amplitude analyses cusps are arXiv:1704.07900
difficult to distinguish from real First observation of A, — xcj(2)pK
resonances . . . .

180
oE LHCD
140 (a)

m phase motion:

534, —x Pk 453 £+ 25

Events / ( 5 MeV/¢?)
=

resonance 100 A,,—)z 'pk285 £ 23
VS cusp 80
60 N
=03 =02 R:(;lh 010 0.1 ;g / J\\
Om //v\\\
® Add complementary data: 5450 5500 5550 5600 5650 5700
Rescattering can be ruled out if there kinematic constraint m(x_pK') [MeV/c?]
is @ narrow enhancement Xe = Xe1 = Iy
in the elastic channel . (1P) p PRL accepted for publication
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Exotic Baryons

Testing Rescattering Models: A, —x.(1P) p K

m Even in amplitude analyses cusps are
difficult to distinguish from real
resonances

m phase motion:
resonance
VS cusp

03 -02 -01 00 ol
Re AP

m Add complementary data:
Rescattering can be ruled out if the
is a narrow enhancement
in the elastic channel . (1P) p

e

Sebastian Neubert (Uni Heidelberg) Exotic Hadrons

Events / ( 5 Me

arXiv:1704.07900

First observation of A, — xc(2)pK

Next: amplitude analysis
LHCb

(a)
534, —x Pk 453 £+ 25
A,,—)z pK 285 + 23

120
100

N

/ AR\ ¥
0 //v\\\
5450 5500 5550 5600 5650 5700
kinematic constraint m(¥_ pK ) [MeV/c?]

Xe = Xe1 = I
PRL accepted for publication
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Exotic Baryons

Rescattering _ Tightly bound states
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Exotic Baryons

Meson-Baryon Molecules

Building color-neutral objects from color-neutral constituents
m Small binding energy
— state just below 2-body thresholds

m Different parametrisations
of the binding force available »

B Predictions from coupled channel dynamics
[Nucl.Phys.A776(2006)17][PRC 85 (2012) 044002] '

m Constituents in S-wave
Opposite parity problematic to explain

Channel x:D/x.D" J/iN(1440/1520)

Features Pion exchange opposite parity with
S-wave for both states

Exp.Sign. Isospin | = 2 150 MeV binding?

considered here: 3° ¢ {éi 5+

2 2
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Exotic Baryons

Decay of the P. to Open Charm

In preparation

Molecular-Models:

—0 (*
P, — ATD"" favoured decay mode
[PRC85(2012)044002][«— arXiv:1703.01045]

s
K™ 5} B
u (K
(U
u u
]J/w }DO(*)
[ [
ARf U uPiu
\ N b cipfc
d u u p
\ Ay u > u u Al
d d

d > d d
c and ¢ in meson/baryon pair

P. discovery in A, — J/ipK™

c c
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http://arxiv.org/abs/1703.01045

Exotic Baryons

Combined Analysis A, — ATD°K and A, — ATD"'K

m Predictions on relative widths — arXiv:1703.01045

Widths (MeV)
Mode P.(4380) P.(4450)
px:(3) D) DE() DE(F)
D*A, 131.3 41.6 80.5 22.6
J/p 3.8 8.4 8.3 2.0
DA, 1.2 17.0 414 18.8

m Possible spin-party combinations for the AJQBO(*) system

TR =
¢ ATD” AID pJ/i
s 1 -3 1= 3
Y )
p It st It st gt I+ 5+ st
2 02 2 72 02 2 02 02
D 3 5~ 1-3-5-7- 1- 53~ 5= 1-
2 12 2 02 22 02 2 022 22 02

favoured quantum numbers highlighted

m Complementary information on quantum numbers
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Exotic Baryons

Rescattering | Hadronic molecules _
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Exotic Baryons

Pentaquarks in the Di-Quark Picture [PLB749(2015)289]

Diquark_color configuration:
P ={c[cqs[qals,(} 333
m Opposite parity understood: additional orbital angular momentum ¢

m One unit ¢ costs:
om ~ m(A(1405)) — m(A(1116)) ~ 300 MeV

m Coupling spins to s = 1 in the light-light di-quark:

sm ~ m(S.(2455)) — m(A(2286)) ~ 200 MeV @
P.(4380) 3~

5 {€ledlsi[aals_i, ¢ = 0}
P.(4450) §+ {€lcqls—1[aq]s—q, £ =1}

m Can explain the small mass gap!
m Predicts a large multiplet of states
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Exotic Baryons

Exploring the Pentaquark Multiplet
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Exotic Baryons

A neutral Pentaquark?

Are there isospin partners to the PS? uudcc +» uddcc

Decay into open charm hadrons
s ]_0( ) accessible
K *

S
C]J/w a<
(4

o Qf

e
(o]
(g}

=
lop
c
y
c
c
=
A+

A
o
o

Neutron not detectable in LHCb d
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Exotic Baryons

Pentaquarks with Strangeness?

Both final states provide access to strange pentaquarks usdcc

(o
o n

A u\s Pep s = d\u &b
d u u A S d diA

m J/p¢p system — ccss Tetraquarks

B LHCb Analyse B — J/y¢K:
[PRL118(2017)022003]
[PRD95(2017)012002]

m Less tracks reconstruct
m Lower =, production cross section
m Expect comparable statistics
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Exotic Baryons

First Observation of =, — J/YAK™

[PLB772(2017)265]

=, B(Ep — JAAK)
fo, B(Ay = J/pA)

= (4194 0.29+ 0.14) x 10>

m(Z,) — mM(Ay)

= 177.08 £ 0.47 + 0.16 MeV/c”

m Need Run |l data set to

Candidates/(6 MeV/c?)

i —“+ D‘ata
401

— Total fit LHCb |

- Z signal

e W EK™ LL
Comb. bkg.

DD A

4

1500 | 4 Data
| — Total fit
[ - AYsignal
1 - , S1g
000} --- Comb. bkg.

W

(=3

(=]
T

LHCb |

LL p

<3000

Candidates/(6 MeV/c?)
s
S
S
T

study J/W AK™ amplitudes

Sebastian Neubert (Uni Heidelberg)

5700

5800

5900

m(J/WAK") [MeV/c?]

Exotic Hadrons

DD
2000F E
1000} ]
ob 0 R e
5500 5600 5700

m(J/yA) [MeV/c?]
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Exotic Baryons

Pentaquark program at LHCb

Amplitude analyses will
leverage Run Il data

What are they?
m Observe P, — J/iyp as subsystems in different final states
mAJppT DONE
BT =JpD in progress
m A, —JApp T KS in progress

m Search for new decay modes of P,
B A, >y (IP) p K observed A, -decay mode

m A, - ATDYK in progress

Are there more of their kind?
m Explore a possible multiplet of pentaquarks

BAIppT Kg in progress

m A, - ATDK? in preparation

m 5, = JWAK observed =, decay-mode
A, I AS in progress
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Exotic Baryons
Outlook

m LHCb not done yet with RUN | data

= RUN Il set will enable amplitude analyses of more
complicated final states

m Experimental approaches

Exploring different sources (B,B’,B,A,,Z,,,..., prompt)
m Precision measurements of known exotics

m Spin Exotics?

m Open strangeness exotics?

]

]

Exotic Baryons
Radiative decays
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Exotic Baryons

Backup
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The Di-Quark Model

Building color-neutral objects from coloured constituents

&3 s @

® qqgisalsobound= 3®3 —3

m At short distances the 3 qq binding
is still half as strong as the color
singlet binding

® = qq di-quark correlations

® g mesons are bound through
attractive 33 color coupling
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The Di-Quark Model

Building color-neutral objects from coloured constituents

LR
m Tetraquark in the di-quark model ®m gqqisalsobound= 3®%3—3
® Qualitatively explains relations m At short distances the 3 qq binding
between X(3872), Z(3900), Z(4430) is still half as strong as the color
and Y(4260) exotic mesons singlet binding
e.g. < arXiv:1405.1551 m = qq di-quark correlations
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Exotic Baryons

Predictions from low-energy QCD?
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Exotic Baryons

Crypto-Exotic Baryons in Coupled-Channel Dynamics

Few predictions for states with hidden charm are available.

g c (I,S) M[MeV| T'[MeV]
M. Lutz and J. Hofmann (% 0) 3430 0.50

[Nucl.Phys.A776(2006)17] (0,—1) 3533 0.63

0,

m Building baryon resonances from (1,-1) 3720 0.83
coupled-channel dynamics within ground (3,-2) 3752 1.1
state multiplets .

® No tuning

m 16-plet 0~ mesons x 20-plet 2" baryons
P x Piet 2 y m Resonant states predicted!

m Very narrow width

® = narrow octet of 3° = 3~ crypto-exotics
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Exotic Baryons

Dynamically Generated N* with Hidden Charm

= Meson-Baryon interaction with
vector exchange force
m Vector forces from local hidden gauge formalism .
— T, Several similar
m Coupled channels D A7, D =, D",AT,D'S., DX, D'S.  models:
(n. Nym Nop Nyp'N,K 3,K A) [PRC 84 (2011) 015202]
= tuned to reproduce AT (2592) and A7 (2625) [PRC 85 (2012) 044002]

m =6 Nucleon resonances with hidden charm [EPJ AS2 (2016) 43]

p

Main channel J M+20MeV T'[MeV] Main decay
T = — = N = AT .
@(2*2" +D%) 1/2_ 4228 21-51 D Ai m Only negative
%(DEC -Dx) 1/27 4295 11-41 D Ai parity
D'%. 3/2 4218 103 DAY
D' 1/2,5/2° 4344 0 -
%(ﬁ*z;‘ +Dx.) 3/2” 4325 0 -
%(ﬁ*zc* -D3%.") 3/2” 4378 0 -
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Exotic Baryons

|—>/1,+/f

AR
n \*& P
1 % o y
Event 251784647 ’17:% LA
Run 125013 o (R
Thu, 09 Aug 2012 05:53:58 IR
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Event 251784647
Run 125013
Thu, 09 Aug 2012 05:53:58

Ap|
PP
collision point

Exotic Baryons

|—>/1,+/f

Ap

decay point

Vertex-Resolution: 71 ym (along beam)

Sebastian Neubert (Uni Heidelberg) Exotic Hadrons
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Exotic Baryons

A Surprise in A, Decays

m Initial goal: a precise measurement of the A, lifetime

m1fb ! of Ay, — J/YpK + previous measurements: 7 = 1.482 £ 0.018 + 0.012 ps
< PRL111(2013)102003

o

m But looking closer at the J//) p K Dalitz-Plot with a dataset of 3fb~! (Run )

> o —
© 7000 F o F ' ' ' N
="F LHob 26007 + 166 > 2 E
~ 6000F . 0] ]
= E 3fp ! A, candidates § =5, ]
® 5000 F s §
GC) F NS L ]
2 4000F 22r E
3000 ;_ 20 [
2000F r
F 181~ 7
1000F i 1
0 oty n n i s . 16 L ]
5500 5600 5700 2 3 4 5 6
Mk, MeV] mg, [GeV7]
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Exotic Baryons

A Surprise in A, Decays

m Initial goal: a precise measurement of the A, lifetime

m1fb ! of Ay, — J/YpK + previous measurements: 7 = 1.482 £ 0.018 + 0.012 ps
< PRL111(2013)102003

o

m But looking closer at the J//) p K Dalitz-Plot with a dataset of 3fb~! (Run )

> o —
© 7000 F o ' ' ' N
="F LHob 26007 + 166 > 2 E
~ 6000F . 0] ]
= E 3fp ! A, candidates § =5, ]
® 5000 F s §
GC) F NS L ]
2 4000F 22r E
3000 ;_ 20 [
2000F r
F 181~ 7
1000F i 1
0 oty n n i s . 16 L ]
5500 5600 5700 2 3 4 5 6
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Exotic Baryons

Discovery of J/ip baryon resonances at LHCb

Three analyses performed: JWK R
= 2200F —a— data 2 800
E 2022 bt @ LHCb - an[swmuna % 200
| Ab — J/¢pK 31500— : ii?%g%; %600
. £ 1600 A(15: S
® 26000 A, candidates Bk o N & oo
m 6D amplitude analysis = §w§
[PRL115(2015)072001] 3 s
, o
B moments analysis — oo
[PRL117(2016)082002] B oo "
T L 6 T
102 _LHCb . — R:I:aN'+Zc+2PC B
m Ay — JYpr

® 1900 A, candidates
m 6D amplitude analysis
[PRL117(2016)082003]

e Z,(4200)

o

Yields/ (25 MeV)
Yields/ (50 MeV)

/“'W‘
NS S

1

25

’ m‘,,,[GeV]2 J/’l[)p
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Exotic Baryons

Discovery of J/ip baryon resonances at LHCb

Three analyses performed: JWK R
< 2200 e dam > 800)
Sof ! b, =
0 @) e P, (4450) ar
= o bk o TE |
m 26000 A, candidates 2ok o g
m 6D amplitude analysis = §w§
[PRL115(2015)072001] 3 s
600 A(2100) 200}
. s ]
B moments analysis o N
= ol
[PRL117(2016)082002] T oo
T L 6 t T
. | LHeo . - 2&1‘:+ZC+ZPC 1
m Ay, — Jpr

® 1900 A, candidates
m 6D amplitude analysis
[PRL117(2016)082003]

e Z,(4200)

gy

Yields/ (25 MeV)
Yields/ (50 MeV)

/“'W‘
NS S

1

25

m‘,,,[GeV]2 J/’l[}p
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Exotic Baryons

Two Analysis Techniques

E Isobar-model amplitude analysis

m Use known A* spectrum as input

m Parameterize the decay matrix element (model dependent)
m Search for J/i) p resonances

m Extract their masses/widths and quantum numbers

Model independent moments analysis
® Minimal assumptions, no modelling of decay amplitude
m Hypothesis test:
Can the structures in J/4) p be explained by reflections of A" resonances?
m Cannot extract properties of potential J/i) p resonances
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<3 PRL115(2015)072001 Exotic Baryons

Isobar-model Helicity Amplitudes for A, — J/ A"

Matrix Element M" parametrized as a function of 5 angles and one mass meK
Ay, unpolarised

A, rest frame

A rest frame

lab frame
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Exotic Baryons

Parameters from A, — J/WpK amplitude analysis

State Mass [MeV] Width [MeV] fav. 3" Fit fraction Signi.
P.(4380)7  43804+8+29  205+18+86 3/2° (84+0.7+42)% 9o
Pc(4450)" 44498 +1.7+25 39+5+19  5/27  (41+£05+1.1)% 120

m Interference of two states of opposite
parity required by forward-backward
asymmetry in P, helicity angle

ImA®

LHCb ¥

Ll Lol

m Spin-parity assignment not conclusive: s
Fit A(—2InL) P, (Low) Mass P. (Low)T P. (High) Mass P. (High) T
3/27,5/27 0 4.3799+0.0064 0.205+0.011 4.4498+0.0017  0.0387 % 0.0037
3/2%,5/27 0.9°  4.3696+0.0063 0.211+0.012 4.4504+0.0017  0.0492 + 0.0040

5/2+, 3/27 237 43770 +0.0098 0.239+0.024  4.4486 4+ 0.0018  0.0444 + 0.0053
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<3 PRL115(2015)072001 Exotic Baryons

Why a second state with opposing parity?

mg, <1.55GeV  1.55 < mg, < 1.70GeV

IS
o
o

Events/(20 MeV)
n
o

Events/(20 MeV)

1.70 < mg,, <2.00GeV  2.00GeV < mg,

Sebastian Neubert (Uni Heidelberg)

m The peaking structure in my;,, is
asymmetric as a function of cos fp )

m This can be explained by interference of
two states with opposing parity

1
o
=]
S

—— Combined P,
LHCb — P,(4450)
—— P,(4380)

N
o
=]

(5]
o
=]

Corrected events/(0.1)

200

1

Exotic Hadrons
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Exotic Baryons

Model independent analysis of A, — J/4pK

m Observation of the P.(4380) and
P.(4450) used a model for the
decay matrix element

m A" spectrum biggest uncertainty

m In bins of m(pK): decompose
decay-angle distribution into
Legendre-moments

N events

(P) = > “P(cosbix)
i=0

efficiency corrected (¢;), bkg subtracted (w;)
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Exotic

Baryons

Extracted pK moments

Minimal assumption on A* spectrum

Moments extracted from data

o I=1 1=2 =3
E uwftheory predictions T oA T
=k —= Y
& 2400 = — — _ ) t t } 4 t
s r — _— — _ —
o ——=a= ook =4 =51 =6
200 — — _
[ ====-85_ — 5t ]
“WF el dstabishad R pp—gp -
r S is tate
1800 - \ t t t -+ t
C . 1=7 =8 § 1=9 }
1600 £ Only low-spin states - ]
s = at low masses b .
1400~ |_| had o ¥ A W
r o1 Lo3 3 s 5 T 9y | } t ft . f
e 1=10 1=11 1=12
ool L Lyl Ly b ] z it . 3
0 2 4 6 10 A" can’ticontribute here
257-P-32 or ly(m,) v At ?‘v““w

Sebastian Neubert (Uni Heidelberg)
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Exotic Baryons

Model-independent analysis of A, — J/ipK

Testing sensitivity on MC for various models

Construct /5 -filtered toy MC:

i} = ~
i i 5 EH \% FOAG2IRL) IH,) “F S F(AC2nL) [H)
Reflections of p K-system in J/4 p £ swE H b Srccmom,
o L H— ax T
2. r H A — Bif. Gaussian fit
—~ E : = 400f
% 1000[— # & 250 [ —e— A% P 4380) =205 Mev data
= r : = L H 300
g R 3 I
< 800 F LHCb & a0 [ |k Arresso =102 vev 0
E L t R E = E Y 100
be - A D C H —
r 3 L Ih P(4450) ['=39 MeV, A
o00F ﬁf- tak g 1501 |E Y Rep @380) T=205 Mey D000 T30
r o
. ¥ z
w4 F
b 10f- |
- C = A*,P (4380) ['=25 MeV
200 E
- Y {7 LHCb
r o= /
L E 4 /
1 1 I I 1 C S
0 22 24 76 43 B o il 1 L !
my,, , [GeV] 0 400 600 800 1000
A(-2InL)

m p K-reflections cannot explain
the narrow structure in J/ p m Hypothesis "only A*" rejected with > 9o

m Confirms findings of amplitude analysis
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Exotic Baryons

Compare to the model dependent analysis

Data Simulation, driven by amplitude model
. . - : - . : " o e
ol l = 1 l - 2 3 l = 3 1 10 T T T T L T L
1=3
e ; .
v i
ol : : : & e PV
i _ i o . . H : '
=4 } =5 ¢ I=6 { 1=4 —A®g =5 1=6
g o ] i ] o 1 | P@3s0r. |
S LA | e " 4| PO
N s L “‘J’ < ¥ PP eI El R g ..
B A Rl H . HG
AT o : L : i : g CON . | il simulation | i )
o " . | . . .
ook 1=7 } =8 t =9 ] v 1=7 1 1=8 b =9
s00f- L I soF L
LN " by, I 8 I
e ’ S R s
=10} I=11} [=12] o 1=10 1=11] 1=12]
500k L T 50¢ L ]
o O Y A AL B e OIS R
o Y Al AN 10w T @
T + 2 + A + L TS 3 75 3 s 3 3
my, [GeV] my, [GeV]
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Exotic Baryons

Amplitude Analysis of Ay —J/i p

I — L— L B L |
Challenges: 14037(5) ‘LHCb 130;— (a) LHCb
m Cabibbo suppr. i hed3
B(Ap—Jfppm) = < 140f
B(x, 5 op) ~ 8% 3 2 120}
[JHEP 07(2014)103] 3 i
= Need to deal with 2 g &0
N* resonances > > 60p
40
m 6 N” states needed 20f
m Up to 14 used for O™ s
systematic studies M 5 (GeV] My 1GEV]

E Bonn-Gatchina model
for systematics
[EPJ A48(2012)15]

m Possibility in J/ir:
Z(4200)
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Exotic Baryons

Amplitude Analysis of A, —J/i p 7
Ip!ot fit‘ re;ults for m(pr) >1.8GeV

Challenges: 0L () LHCb 4 aof (b) LHCD | *
m Cabibbo suppr. ®F . E 3k .
B(Ap—J/bpm) g0y < %F N +2P.+2 < xf
B(A, —JfbpK) ~ ©70 2 50 N* onl i 2 F
[JHEP 07(2014)103] s . only ] o BF
=200 i 1 T 20F
m Need to deal with A e 3 8
> 2 ®r 4] Sl ] 2 sp
N* resonances > 1ok, x\\‘\:.: ] b
® 6 N* states needed 5F \ T, 3 sE
m Up to 14 used for i 4‘5 R °7"_
systematic studies M, [GEV] M ., [GEV]

= Bonn-Gatchina model
for systematics
[EPJ A48(2012)15]

m Possibility in J/y:
Z(4200)
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Exotic Baryons

Amplitude Analysis of Ay, —J/i p 7

Challenges:

m Cabibbo suppr.
B(Ay—=Ifbpm)
—B(AEaJ/w;I:K) ~ 8%
[JHEP 07(2014)103]

® Need to deal with
N* resonances

m 6 N* states needed

= Up to 14 used for
systematic studies

m Bonn-Gatchina model

for systematics
[EPJ A48(2012)15]

m Possibility in J/y:
Z(4200)

Sebastian Neubert (Uni Heidelberg)

Yields/ (50 MeV)

<—N* + 2P, +Z

LHCb

N* only

I 4.5
mMyyp [GeV]

Yields/ (75 MeV)

s0F (b) LHCb I
ssF 3
30F

250

20F

15F

10F

sf

O* 4 Ei

plot fit results for m(pr) > 1.8 GeV

M yyn [GeV]

m Both types of exotics: significance 3.1¢
m Two P. have a significance of 3.3¢

Assuming Z(4200) negligible

m Exotic contributions needed,

Exotic Hadrons

can’t distinguish scenarios

18.07.2017
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Exotic Baryons

What about these charged exotics in J/ym ??
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Exotic Baryons

B — K 7" J/) at Belle [PRD90(2014)112009]

m 30000 B — K 7" J/ decays (711fb")  m 4D amplitude analysis

12 GeV2ic* < M2(K) < 2.05 GeV2/c* 1.2 GeV%/c* < M(Km) < 2.05 GeV¥/c*
< 200 <, 200r
< 180- f = 180~ I
G 160 (3 160¢
< L L =l
G 140- & 140;
2 1200 2120t
£ 100~ £ 1007
7 0 : 80
L L 11} F

60[ . 60F .

401 adding Z(4430) F adding Z(4200)

H improves fit 403 further improvement
20 significance: 4.0 significance: 6.2
0

) 22 | 12 14 16 18 20 22
M?(Jly,m), GeV?/c M3(Jhy ), GeV3/ic*

m Z(4430) with 3° = 17 confirmed

m Z(4200) with 3° = 1" observed
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Ongoing analyses on B — K 7" J/) at LHCb

m LHCb Run I: ~ 20x Belle statistics

m 3 analysis techniques:

m Amplitude analysis
® Moments analysis
m Novel 3D moments analysis
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Exotic Baryons

Results for K* resonances [PRD95(2017)012002]

Contri- sign. Fit results
bution  or Ref. My [MeV | Ty [McV ] FF % fr fi
All K(17)  8.00 424 873
1+ NRgx 16+13+% 0524029 02140.16

K(%) 760 1793459158 365415758 1241077 0244021 0.37+0.17
2'Py 1900
K, (1650) 165050 150+ 50
K'(17) 190 19686511 39617011 2322073 0.04£0.08 0.49+0.10
2P, [52] 1930

AILK(27) 5.60 11+ 372
K(27) 500 177743512 2174116722} 0.6440.11 0.1340.13
1'D, 1780
9~ K»(1770) 1773+ 8 1884 14
K'(27) 300 1853+27+ 18 167+ 587° 5 0.534+0.14 0.04£0.08
13D, 1810
K,(1820)  [36] 181613 276+ 35
1~ K (1) 850 1722420708 354+ 7515 6.7+1.9732 0.82+0.04 0.03+0.03
1°D, 1780
first observation — Kk*(1630) 1717427 3224110
K*(21) 540 2073+94 120 678431151558 29408507 0.15+0.06 0.79+ 0.08
ot 2P, 1940 '
K3 (1980) 1973426 373+ 69
K(07) 3' 1874+43 F37 168+ 9078 26=+1177% 1.0
- 38, [52] 2020
0 K (1830) ~ 1830 ~ 250
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Exotic Baryons

Rescattering: Loop integrals [PRD92(2015)071502]

K= »
/
AY b
N - s ~ ~ o
Xl T/~
Nonrelativistic loop integral: Triangle Singularity given by
5 ) , Landau-equation
GA(E) = d'q q-fa(a”) s o
A @2r)E—m, —m, —G°/2u 14 2y12¥23Y13 = Y12 + Y23 + Y13

with a form factor f, (G°). Yij = (m? +m — (pi + Pj)2> /2mim;
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Exotic Baryons

Rescattering: Loop integrals [PRD92(2015)071502]

0.10 0.07
008 @ 006
0.05
5 0.06 S 0.04
= =
= 0.04 T 003
0.02
0.02 001
0.00 0.00
440 442 444 446 448 450 440 442 444 446 448 450
Revys [GeV] Revs [GeV]

Triangle Singularity given by

Nonrelativistic loop integral:
Landau-equation

G (E) — / d’q G’ fA(G%)
A( ) - 3 =2
2m) E—-m;—my—q /2u

2 2 2
1+ 2y19Y23Y13 = Yiz2 + Y23 + Y13

with a form factor f, (G°). Yij = (m? +m — (pi + Pj)2> /2mim;
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Exotic Baryons

Testing Rescattering Models: A, —x.(1P) p K

m Guo et al [PRD92(2015)071502]

0
Ay

Xl T~

m can explain

A(]
7‘\g work in progress
P (4450) Q&jt Ay = X1 (1P)pK

phase motion
m But P(4380)? -

Z03 02 o1 00 o1
Re A"

m Rescattering would not explain a 90

narrow enhancement v\(‘?
right above ., (1P) p threshold @\
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Exotic Baryons

Meson-Baryon degrees of freedom following < arxiv: 1509 02460

m Proximity of thresholds suggests

two-body contributions Closeby thresholds
[MeV] P.(4380)" P.(4450)"
Mass 1380 £ 8 £ 29 44498+ 1.7+ 2.5
v 43823+24
Xe1 (1P)p 4448.93 £ 0.07
ATD? 4457.09 + 0.35
D" 4459.9 + 0.5
».D%° 4452.7 + 0.5
Channel y,(1P)p AL'D »:D/v.D" J/ibN(1440/1520)

Features phase-motion of P.(4450) Pion exchange opposite parity with
S-wave for both states
150 MeV binding?

Exp.Sign. Decays to direct channels Isospin |

considered here: 37 ¢ {%i,

3
2
+

Nt

j
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Exotic Baryons

Pentaquarks in the Di-Quark Picture -, arXiv:1507.04980

Diquark_color configuration:
P ={c[cqs[qals,(} 333
m Opposite parity understood: additional orbital angular momentum ¢

m One unit ¢ costs:
om ~ m(A(1405)) — m(A(1116)) ~ 300 MeV

m Coupling spins to s = 1 in the light-light di-quark:

sm ~ m(S.(2455)) — m(A(2286)) ~ 200 MeV @
P.(4380) 3~

5 {€ledlsi[aals_i, ¢ = 0}
P.(4450) §+ {€lcqls—1[aq]s—q, £ =1}

m Can explain the small mass gap!
m Predicts a large multiplet of states
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Exotic Baryons

Dynamical Di-Quark Picture <, arXiv:1507:05867

3®3—3 3®3—3

m Rapidly expanding system prevents
reorganisation into J/i p

m Decay through wavefunction overlap
with daughters

m J/ip as well as AT are compact
m Explains narrow width! = Similar to model for X(3872) < arXiv:1406.7281
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Exotic Baryons

Dynamical Di-Quark Picture <, arXiv:1507:05867

3®3—3 3®3—3

m Rapidly expanding system prevents
reorganisation into J/i p

m Decay through wavefunction overlap
with daughters

m J/ip as well as AT are compact
m Explains narrow width! = Similar to model for X(3872) < arXiv:1406.7281
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Exotic Baryons

Exploring the Pentaquark Multiplet
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Exotic Baryons

A neutral Pentaquark?

Are there isospin partners to the PS? uudcc +» uddcc

Decay into open charm hadrons
s ]_0( ) accessible
K *

S
C]J/w a<
(4

o Qf

e
(o]
(g}

Abu

Neutron not detectable in LHCb d

y
c
c
=

A+

A
o
o
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Exotic Baryons

Pentaquarks with Strangeness?

Both final states provide access to strange pentaquarks usdcc

T
(g}
[g]
0l
0l

\{

AEU\SPSS b ciptfc
d u u A Ap{u u u Al

m J/p¢p system — ccss Tetraquarks

B LHCb Analyse B — J/y¢K:
[PRL118(2017)022003]
[PRD95(2017)012002]
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Exotic Baryons

The decay =, — JWYAK™

Yy
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Exotic Baryons

First Observation of =, — J/A)AK™ [ arxiv:1701.05274]

f=, B(Z, — JWAK)

fa, B(A, — J/bA) ol e LHCb | 1590} 4 paa LHCb
| - &, signal I —T\gla'l ﬁll
_ T LL [ A signa L
= (4.19+0.29 £ 0.14) x 102 A 100K Comb. bke.
20 & [
S = 0
S 7 4000 ‘ I
m(=Z,) — m(A £s0[- 18 ¢ ‘
(Z5) ~ m(A,) 7
60f- ] i DD
= 177.08 £0.47 £ 0.16 MeV/c*> 5%} S 2000l i
40 ] F
2ol & 1000} ]
g6: L SR (. : ooy
= Add Runli df'ta set_to 0="5%0 800 5900 0%5500 5600 5700
study J/W AK™ amplitudes m(J/y AK") [MeV/c?] m(J/yA) [MeV/c?]
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Exotic Baryons

Reminder: p n scattering

® Yukawa theory for low-energy nucleon-nucleon interactions:

L=gppy & V(I)=-T-

m = strong force (mediated by pion exchange) is short range |:

m In the region outside of the nuclear interaction:
S-wave scattering states

1/} ~ A(e2I5elkr _ e—ikl’)
m with S-wave phase shift §, at low energies (< 10 MeV) = close to threshold

1 1 .,
k =—— 4+ —rok” + ...
coté a + 2r0 +

® ais the scattering length, total forward cross section: o = 47a>

B 1, is the effective range of the potential, r, <0
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Exotic Baryons
The Deuteron, a Hadronic Molecule

From p n and p p scattering (Isospin 0): 8- = —237fm
as_; = 5.38fm
The scattering amplitude f is given by
f ! =kcots—ik
N 1
L Trk® — ik
Fora > 0 andr < 0 there is a pole below threshold:
—2/r, 5 2 2k
fro — 55— kp=—<0,y=——
K2 — K — iy RTrha T T Ty

Indeed the deuteron is a bound state of 2 nucleons with 3° = 1™ and a binding
energy of Eg = 2.225 MeV
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Exotic Baryons

Meson-Baryon Channels

Mini Review on Meson-Baryon composite models: . arXiv:1509.02460

P:; P,
XelP ».D* A:D JpN* > D JpN*

JWN v v v v v v
neN X X v X X X
Jhp A X v X X v X
neA X v X X v X
A.D v [x] V] X [x] X
A D* v v [vV] v v v
XD v [x] v x [x] X
D v v [x] v

JWNT X v X v v v
ADm X X X X v X
ACDjTK‘ X v X X

XED70 x v v x
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Exotic Baryons

The Bzt System
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Exotic Baryons

. 0_+
A resonance in B;r" at D)) [PRLT7(2016)022003]
Peaking structure found by D@ .
9 y Applying a cut AR = /An* + A¢® < 0.3
r DO Run Il, 10.4 f6' 700 -
~§‘°°‘ pT > 10 eM E simulation
ful + 600 -
% 60 > 500
fa + : = ‘
. 2::‘\mbawgmumsh-penxed E 400 £ Background model w/o cone cut
20 - o E L] Background model with cone cut
» ‘ ""._% . % 300 :— + Fits to background function
_® 3
g5 Z 200
‘;% SEL \&”.I‘ h\ & Iﬁ E
g s 100
gigg + DE\||||\\||||||\\\lll\\\|||\||\\\|||\\\||
55 5.55 56 5.65 57 5.75 5.8 5.85 59
o Ber) loovict] 55 555 56 565 57 6575 58 58 59

m (B% %) [GeV/c?]

® 5582 + 100 B! — J/i¢ candidates
m significance: 3.90 (incl. LEE)
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Exotic Baryons

A resonance in B’z " at D@

[PRL117(2016)022003]

Peaking structure found by D}

N events/ 8 MeV/c?

Residuals (Data-Fit)

Pl

® 5582 + 100 B! — J/i¢ candidates
m significance: 3.90 (incl. LEE)

N 2 2 @ N
2@ 8o 15 3 3 3 8 3
T

DO Run II, 10.4 f6'

- pT > 10 ?eM

NS o howdmho
T

55 555 56 565 57 575 58 58 59

m(Bs 1*)

[GeV/c?]

N events / 8 MeV/c?

Residuals (Data-Fit)

DO Run II, 10.4 f6'

m (Bs %)

565 57 575 58 58 59

[GeV/c?]

Applying a cut AR = \/An2 + A¢>2 < 0.3

m 5.10 significance after "cone”-cut
m (8.6+ 1.9+ 1.4)% of B from X(5568)
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Exotic Baryons

i ™ [PRL117(2016)022003]
A resonance in B’z " at D@
Peaking structure found by D{)
J y Applying a cut AR = \/An2 + A(;SZ < 0.3
Cpr> 10 ?QM = e
} kg
g% H t * Similar result with B! — D_uv +ﬁ%ﬁ++~+ﬁ+}-+w
- “*“***“** consistent resonance parameters,rate ==
awaiting publication =~ eeve
m 5582+ 100 B® — J/¢ candidates m 5.10 significance afteor "cone”-cut
m significance: 3.9 (incl. LEE) m (8.6 +1.9+1.4)% of B, from X(5568)
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Exotic Baryons

A four-flavour Tetraquark?

m Valence quark content bsud

® How would such a state be generated/composed?

Tetraquark @%

= Blr, BK molecule © @
m B 7 cusp,

m Nearest 2-body threshold: B{r @5555 MeV

m All models have troubles explaining the X(5568)
[CTP65(2016)593][PLB760(2016)627]

m Can it be confirmed by other experiments?
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Exotic Baryons

Search for X(5568) at the LHC [PRL117(2016)152003]

LHCb: 50k B? —J/i) ¢ combined with

s )
70k B; =D, = candidates Limit on cross-section times branching

5 o s 2 EM fraction ratio at 90(95)% C.L.
%’2 g i o(pp — X+ anything) x B(X — B‘;wi)
e ; = o(pp — B + anything)

P s

R o P (pr > 10GeV) < 0.021(0.024)

m(BSr) (MeV)

«“nku” i 9“ ()QH R AE s

3 ,.b LHCb p.(B9) > 10GeV Camed a5 e
= ®F Combinatorial
w ,F E
=) E { }
a
O 50|
g F LI LRR
B 100 -
3 "k
2k
@ 50 =
8
= 4l
T kbt p S gl PR ETT
S
3k

g soio" Ses™ 8700 5750" 860 8o 3500895 6o
m(BSx) (MeV)
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Exotic Baryons

Search for X(5568) at the LHC [PRL117(2016)152003]

LHCb: 50k B? —J/i) ¢ combined with

0 .
70k B, =D = candidates Limit on cross-section times branching

5 o s s Em fraction ratio at 90(95)% C.L.
fgx g i o(pp — X+ anything) x B(X — ngi)
2o ; x= o(pp — B + anything)

P

T A o xcn R AE s

RUARE :' ANl
I 5550 5600 5650 5700 5750 5800 5850 5900 5950 6000 LHCb(pT > ].0 Gev) < 0 021(0 024)
m(BSr) (MeV)
%\ mé LHCb p (B9 > 10 GeV Tc...mst.-..‘. ;
o f g = News from CMS at ICHEP
é :: o T B
g ™S < 0.039  @95%C.L.
n=3_73,1m T T NIRRT PR ETT

g soio" Ses™ 8700 5750" 860 8o 3500895 6o
m(BSx) (MeV)

Sebastian Neubert (Uni Heidelberg) Exotic Hadrons 18.07.2017 77 /39 &



Exotic Baryons

X(5568) Experimental Status

m Seen by DO in pp — (BJ7) + anything
® with B! — J/o [PRL 117(2016)022003]
® with B! = D uv (presented at ICHEP)
P = (86+1.9+1.4)%

= Not seen at the LHC pp — (ng) + anything

® LHCbin B! — J/¢ and B! — D, [PRL117(2016)152003]
®m CMSinBY = Jipo
m pEP < 2.4% @95%C.L. (LHCb)

m A word from CDF?
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Exotic Baryons

A J/iv¢ resonance in + fusion [PRL104(2010)112004]

m Belle searched for the X(4140) in
vy = Jbe

m No events were found close to
threshold

m Instead a peak with 3.2¢
significance at

® m =4350.6"3% +0.7MeV and
I =137 + 4MeVv

Entries/25 MeV/c?

4.2 4.4 4.6 4.8 5
M(0J/y) (GeV/c?)

¥ L, (X)x B(XX = J/i¢)[eV]
0" 6.7755+1.1
2t 15707 +0.3
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Exotic Baryons

X(3872) production

See talks by F. Navarra,

F. Carvalho and L. Cristello
in Sec. C, Thur. afternoon

m Expectation: Production of loosely
bound hadronic molecules in high
energy hadronic collisions
suppressed [PRL103(2009)162001]

104
10°

10°
m COMPASS showed preliminary

s
$ 10
. . O]
results for virtual photo production 3
J. Bernhard, @ Baryon2016 1
Q__|
< 10!
&
T o2
10°
10*
10°

Exotic Hadrons
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Exotic Baryons

X(3872) production

See talks by F. Navarra,

F. Carvalho and L. Cristello
in Sec. C, Thur. afternoon

m Expectation: Production of loosely

bound hadronic molecules in high
energy hadronic collisions
suppressed [PRL103(2009)162001]

m COMPASS showed preliminary

results for virtual photo production
J. Bernhard, @ Baryon2016

COMPASS ongoing analysis
[1X(3872)2

® 3
T

counts/(0.02 GeV/c?)

¥R ¥ R X

46 48
Wy cx [GOVET
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\
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(reécaled‘f\rom Pb-Pb)

X(3872) @CMS
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.

~.

" RA;=_5“.\
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Exotic Baryons

Known A* States

2 Fit-Madels used!

State h1d PDGclass Mass(MeV) T (MeV) # Reduced # Extended
AF(1405)  1/2° 1405.1775  50.5+2.0 3¢s couplings 4
anchor — A*(1520) 3/2° 1519.5+1.0 15.6+1.0 5 6
A*(1600) 1/2% 1600 150 3 4
A*(1670) 1/27 1670 35 3 4
AT(1690) 3/27 1690 60 5 6
A*(1710) 172" * 1713413 180 +40 0 0
AT(1800) 1/27 1800 300 4 4
A*(1810) 1/2* 1810 150 3 4
A*(1820) 5/27 1820 80 1 6
AT(1830) 5/27 1830 95 1 6
A*(1890) 3/2T 1890 100 3 6
A" (2000) ? * ~ 2000 ? o] o}
A*(2020)  7/2% * ~ 2020 ? 0 0
A*(2050) 3/2” * 2056 +£22 493 + 60 0 0
AT(2100) 7/27 2100 200 1 6
A*(2110)  5/27 we 2110 200 1 6
AT(2325) 3/27 * ~ 2325 ? o] (o]
A*(2350) 9/2" 2350 150 0 6
A" (2585) ? o ~ 2585 200 0 6
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Exotic Baryons

Known A* States

2 Fit-Madels used!
State P PDGclass Mass (MeV) T (MeV) # Reduced # Extended

AT(1405) 1/27

buplings 4
anchor — A™(1520) 3/2~ 2-body systems 6

A*(1600) 1/2% 4
A*(1670) 1/27 " 4
A*(1690) 3/2° A" —pK 6
A*@r0) 172t . i ) i 0
AT(1800) 1/2” spin-spin and spin-orbit coupling 4
A*(1810)  1/2T J=1/200¢ 4
A*(1820) 5/27 p 6
A*(1830) 5/2~ P=(+1) x (-1) x (-1) 6
A*(1890) 3/2T 6
A" (2000) ? o]
A*(2020)  7/2F ¢ 1 2 3 0
A*(2050) 3/2” gP | 1- 1+ 3+ 3= 5= 5+ 7+ 0
A(2100)  7/2 2 2 32 2 03 2 03 6
A*(2110) 5/2F can you guess how this 6
A" (2325) 3/2° looks like for J/3) p? 0]
A*(2350) 9/2" 6
A" (2585) ? = ~ 2585 200 0 6
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Exotic Baryons

Known A* States

2 Fit-Madels used!

State JP PDG class Mass(MeV) TI'(MeV) # Reduced # Extended
AF(1405)  1/2° 1405.1775  50.5+2.0 3¢s couplings 4
anchor — A™(1520) 3/27 Hrrk 1519.5+1.0 1564 1.0 5 6
A*(1600) 1/2% 1600 150 3 4
A"(1670)  1/27 1670 35 3 4
A"(1690)  3/2° 1690 60 5 6
* + * .
A*(1710) 'I/2_ 1713 £13 1 Two A models
AT (1800) 1/2 xx 1800
* + *kk
A*(1810) 1/2+ 1810 m Extended: Explore model space
A¥(1820) 5/2 ok 1820 g
A*(1830 5/2- N 1830 = Reduced: only keep non-vanishing
*( ) 4 components for final result
A*(1890) 3/2 1890
A*(2000) » " ~ 2000 m For the experts: Agreement checked
A% (2020) 7/2+ . ~ 2020 by moments analysis
AT(2050) 3/27 * 2056 + 22 493 + 60 o} o]
AT(2100) 7/27 2100 200 1 6
A*(2110)  5/27 we 2110 200 1 6
AT(2325) 3/27 * ~ 2325 ? o] (o]
A*(2350) 9/2" 2350 150 0 6
A" (2585) ? o ~ 2585 200 0 6
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Isobarmodel Helicity Amplitudes for A, — J/) A"

Matrix Element M" parametrized as a function of 5 angles and one mass meK
Ay, unpolarised

A, rest frame

A rest frame

1 rest frame

lab frame
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Isbarmodel Helicity Amplitudes for A, — J/iA”

= Angular structures (no free parameters)

m Helicity couplings <+ complex numbers, floating in fit

B PSR EREE s BTG see next slide
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Exotic Baryons
Resonance parametrisation

Dynamical Terms [ZE(FESN given by

m Relativistiv, single-channel Breit-Wigner amplitudes BW(MKp]Mé\;,Fé&:)

1
M — M? —iM,T(M)’

BW(M|M,, T'y) =

where

20, ++1
_ q A My 2
['(M) =T, (q_0> ™ BEA*(qumd) .

= Angular-momentum barrier factors Bj(p, p,,d)

p ZAb q ZA;
/ /
Rn(pr) = BEAb (M—Ab> X BW(MKp) X BEA: (MA*> .

m special case A(1405) is subthreshold: Flatté (K p and X 7= channels)

p(q) are momenta of the daughter particles in the rest-frame of the decaying particle.

po(dg) calculated on the nominal resonance mass
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2 Fitters - XCheck of Background Treatment

Log-likelihood fitters:
m sFit : subtract background with the sWeight method
m cFit : explicitly model background from sidebands (default)
m Missidentified B-meson decays vetoed B - K 7 and B —J/) K K

Efficiency from MC Background density shape (5.4%)
% 26-— (a) efficiency 12 % 26-— (b) background
O r o r
~. F LHCb ~. [ LHCb
2 24 2 24
€ L € L
L 0.8 -
22} 22
[ 0.6 [
20 201~
- 0.4 -
18 181
B 0.2 [
16-_| 1 1 1 1 o 16, 1 1 1 1
2 3 4 5 6 2 3 4 5 6

m,.2 [GeV?
Exotic Hadrons 18.07.2017
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Exotic Baryons

Results with only A* States

cFit with extended A* model (14 states allowed):

—a— data % 800 +

—e— total fit LHCb
background
+-- A(1405) 700 ®) t
@ A(1520) '
600 ;Jmm“
Ly
500 ﬂ? ﬁ#m&ﬂw+
- A(1800) h ) 4
- A(1810) 400 Y
- A(1820) L
- A(2110)
- A(2350)
- A(2385)

@@ LHCb

X
Events/(15 M

A(1670)
------ A(1690)

- A(1890)
- A(2100)

6 A(1600)
- A(1830) wt

PiEeE Aok

i — e 2 2.2 2.4 2.6 4 4.2 4.4 4.6 4.8 5
my, [GeV] Myp [GeV]

m Adding two new A” states with floating mass/width does not improve fit
m A" reflections don't explain the structure inm,,,,
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Adding Helicity Amplitudes for A, — P.K

 rest frame A, rest frame o —

Construct MPe P
Aap, ApSH AN

helicity formalism, lab frame
A*
analogously to MAAbA AN

prBAL

»_in the
uc
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Exotic Baryons
An important detail: Aligning reference frames

Helicities of final state particle have to be evaluated in the same reference
system!

A, rest frame

A rest frame

alignment factor

S S Al (s
P rest frame palignment \Pc_ 4 1 PP

proton align.
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Exotic Baryons

Interference between A, — J/WA" and A, — P.K

m Coherent sum over amplitudes, incoherent sum over external helicities

EEED DI DD D D DI N IR

AN,=+1 palignment)\gc:i% PR

proton align.
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