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The X (3872)

Candidates / 5 MeV

Candidates / 5 MeV

The X(3872)
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The X (3872)

Experimental Status of the X(3872)

m JP¢ — 17+ established at LHCb A

[PRL110(2013)222001][PRD92(2015)011102] (\ a ! 1
casem Aq’x,w
® Mass m = 3871.69 + 0.17 MeV B i S A AR

(in X (3872) —J/¢ X decays) ?“‘;"&fj%i LHCD

m DD* threshold: 3871.81 & 0.09 MeV I S Sy
m Very narrow Width T < 1.2 MeV NI
Belle [PRD84(2011)052004] mm

cos, A(vap
m Observed in Charmonium-like decay modes: T T T e

DD, I, Ipbw, Iy, ¥(28)y

m Mass and (partial) width disfavour pure cc state.
= No charged partner, no C = —1 partner found
= Small coupling to J/i/p"? No bound state?
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The X (3872)

Search for X(3872) in pp [PLB769(2017)10]
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The X (3872)

Search for X(3872) in pp [PLB769(2017)10]
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The X (3872)

X(3872) Plans at LHCb

Location of resonance

relative to DD threshold Differential production cross section
m Precision measurement m Theory prediction in (NLO) NRQCD
Am = m(X(3872)) — m(y(2S)) [PRD96(2017)074014]
u Needs to take into account m CMS and ATLAS data well described
coupled channels [JHEPO4(2013)154][JHEPO1(2017)117]
m misses LHCb total cross section by
factor ~ 2
Explore other decay channels, [[EPJ C72(2012)1972]

m DD threshold region
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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/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
—— K(l‘)
o K (1)
—=— K(2)+K'(2)
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—_— K'(z‘)
* — K@)
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ol == 1' X (4274)

o K

Candidates/(30 MeV)
g 8 &8 8

g

1600 1800 2000

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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Resonances in J/

Close-by two body thresholds: cusps?

m First fits with D,*/D_*
cusp-amplitudes included in fit

Candidates/(10 MeV)

® Many cusps to consider,
needs future investigation
(and more data)

o e
4100 4200 4300 4400 4500 4600 4700 4800
mJ/W[MeV]

0.14 - _p:p0[PRD91(2015)034009]
012 —1 D:'Dsf,’(
'D;oD(sl' |

S X(4160)

Detailed coupled channel models
becoming available
—arXiv:1710.02061
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Charged exotic states

The charged exotic meson Z*(4430)

m Z(4430)" has first been claimed by Belle in B — K(7~ ¢(29))

m Minimal quark content: ccdu

m BaBar could explain this through reflections of the K7 system (K™)

m Amplitude analysis by Belle confirms new state (assuming a resonant shape)

Sebastian Neubert (Uni Heidelberg) Exotic Hadrons at LHCb 12,2017 12/32 W&



Charged exotic states

B — K7 1(2S) at LHCb

Data sample:

m ~ 25000 B — K7~ ¢(2S) candidates
in3fb~" at LHCb
with ~ 3% residual background

2 Analysis methods:

m 4D amplitude analysis a’la Belle
model the decay matrix element
extract resonant phase

® Moments analysis a’'la BaBar
model independent
confirms existence of Z(4430)

Sebastian Neubert (Uni Heidelberg)
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Charged exotic states

Amplitude Analysis of B — K(7 ¢(2S)) prunz(2014222002]
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Charged exotic states

Amplitude Analysis of B — K(7 ¢(2S)) prunz(2014222002]

)
)

~_ 1000 ] o~ Fr
3103k
8 r 8103
N 8 f
S I S10°E
8 500~ g Tk
g | 8 ol
e} 3 % E
S z4430) 8 1
J :

ResUIts

36 Mass [MeV] Width [MeV] 3° Significance
8 4475+ 7 172+ 13 17 18.90(> 13.9)
S4
» m D-wave contribution negligible (1.30 using Wilks’ theorem)

m Biggest systematic: inclusion of K3(1780) resonance

cos8,;” @ [degrees]

Sebastian Neubert (Uni Heidelberg) Exotic Hadrons at LHCb 1122017  14/32 W&



Charged exotic states

Extracting Resonant Phase Motion of Z(4430)

m Replace the Breit-Wigner amplitude in the model with a complex valued
cubic spline A(m_,,) in 6 bins of m(7~¢(2S))

Z2[ LHCD ]
- | | = Argand plot:
of . amplitude in complex plane

m Circular shape corresponds to
resonant phase motion

| (anti-clockwise)
/+— | m Model amplitude (Breit-Wigner)
-04r- . T overlaid in red
I ] m Note: Offset in phase from
ot L 1 1 reference amplitude(s)
0.6 04 -0.2 0 0.2
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Charged exotic states

Modelindependent analysis of Z(4430) [PRD92(2015)112009]

20000 T~ T T T T T T T T T T

LHCb

m Extract the angular structure of the % 15000 [y :
K 7 system by moments: S b et 3
ﬁ 14000f— *o —f
12000:— *-4- ++—:
z o R
dN Imax 10000 = + 3
U 2 E
- = Pk )Px(cos b, - B E
dcosd,. > (Pi)Pk( k") ok 3
k=0 4000 |- 3
. . 20005— —f
m with Legendre polynomials Py R
-1 05 0 0.5 1
® Moments are determined €os 8,4
in bins of Mg . Resonance Mass (MeV/c?) T (MeV/c?) J*
K*(892) 895.81+0.19 47.440.6 1~
N K*(1410)°  1414+15 232421 1°
U &=t W i K3(1430)° 1425450 270480 0F
(Px) = Z —'Pk(cos O+ K3(1430)°  1432.4+1.3 10945 e
i—o ¢ K*(1680)° 1717427 3224110 1
K;(1780)° 17767 159421 3~
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Charged exotic states

Reflections from K* Resonances not sufficient

> 140005— —

m Higher spin K* resonances are = C 1
heavier § e E

2 My < 836 MeV/c? % 10000 E

lmax = & 3 836 MeV/c? < my, < 1000 MeV/c> > 8000 -
2 r ;’ T

4 mi: > 1000 MeV/c2. 6000 |- E

m K;(1780) is outside the Dalitz plot 4000 F -
m Hypothesis that K* reflections 2000/ a
alone cause ¢ (2S) m shape rejected: Y

0 3 L L
3800 4000 4200 4400 4600 4800

2
S, whole mpg, spectrum S, 1.0 < mg, < 1.39 GeV/c? Myes) MeV/CT]
Tnax = 4 13.30 1820 .
L 800 1410 ngher.moments are
L (M) 15.2¢ 17.30 reflections of

Z(4430) into K 7!
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Charged exotic states

Side remark on connectionto B — K*u*pu~

SM penguin
> d
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< * < —< S
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ut
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> d
K0
< < s
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Charged exotic states

Exotic ¢ resonances and B — K" p~

Angular analysis of B — K ™ Long distance effects from analyticity:

inlow g* =m?’, € [1,6|GeV” s arXiv:1707.07305

[JHEP02(2016)104] = analyticity constraint to "bridge” SM
T T calculation through charmonium

e LHCbdata © ATLAS data

= Belledata © CMS data

[ SM from DHMV
SM from ASZB

region

Uses input from B — yK*

m Caveat: neglects ¢y7 resonances

"More recent results for the full angular
distributions, stemming from amplitude
analyses that take into account
tetra-quark contributions, are not used
) — here. The ansatz involving tetra-quark

10 15 amplitudes is incompatible with the basis

JIhy(1S)
RN

L L L " | L
0 5

ZNRGeV2/C4] of our analysis. Although we expect to be
~ 3 o tension between LHCb data and% able to use these additional results in

future studies, this requires further

Major theory uncertainty from hadronic dedicated work.”

contributions in charmonium region
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Charged exotic states

Exotic ¢ resonances and B — K" p~

Angular analysis of B — K ™ Long distance effects from analyticity:

inlow g* =m?’, € [1,6|GeV” s arXiv:1707.07305

[JHEP02(2016)104] = analyticity constraint to "bridge” SM
A T T calculation through charmonium

e LHCbdata © ATLAS data

= Belledata © CMS data
[ SM from DHMV
SM from ASZB

Rink ——

region

m Uses input from B — yK*

m Caveat: neglects ¢y7 resonances

r %
—05f = 2 ]
- S = 3 Reaching sensitivities where
i b ] multiquark hadronic effects
0 10 215 w will need to be taken into
GeV</c ;
~ 3 o tension between LHCb data and%Nﬁ ] account in NP searches.

Major theory uncertainty from hadronic
contributions in charmonium region
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Future possibilities

Future avenues to Exotic Mesons at LHCb
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Future possibilities

The B as a source of Exotic Mesons??

Z(4430) in B?s) — P (2S) 7w Y(4260) in B-decays?
m Limit from BaBar:
T/ 1 (28) B(B — Y(4260)K — J/pnrK) < 2.9 x 107°

[PRD73(2006)011101]

m QCD sum rules:
30x10%<B<18x107°

<3y arXiv:1502.00119

(see also [JHEP1602(2016)009]) " C(?‘“d also be produced in
B, — Y(4260)¢
m Isolate strangeness in well defined

m Compare exotic contributions in both state (¢)

channels!
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Future possibilities

Prompt prod. of charged mesons with hidden charm?

Challenge: all known Z* states have significant widths ~ 150 MeV

m Extraction of resonances depends
on observation of interference
effects in three body B-decay.

B — 1(28)Km
no narrow peak

)

2
=

= We would need another signature
to isolate the states
clever ideas welcome!

Candidates/ (0.2 Ge

m Are there more narrow charged
exotics?

16 18 20

Extremely challenging measurement.
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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 Exotic contributions needed 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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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
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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

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

m Cusps need to be taken into account in [PRL119(2017)062001]

amplitude analyses First observation of A, — xc1(2)pK

0.1 - T 1 1 T
. RS
m phase motion: > (LH)Cb
[ a
resonance ., = 453 + 25
£ 3] A—>z K- 285 4+ 23
VS cusp - EA A% K
- P —-Comb.”
=
=03 (]
i -
=03 =02 =0.1 0.0 0.1 U—]
Re AP
VJ\\{
r . AN
m Add complementa.ry qata. investigate L ra—. 5550 e 0
near threshold region in the channel kinematic constraint MY  pK ) [MeVi/c?]
Xe1(1P) p Xe = Xe1 = I/
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Exotic Baryons

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

m Cusps need to be taken into account in [PRL119(2017)062001]

amplitude analyses First observation of A, — xc1(2)pK

—-Comb.”

0.1 - T 1 1 T
. RS
m phase motion: > LHCD
resonance S = (a) 453+ 25
i " §S Aj-z pK 28523
Vs cusp < EA A1 vk
2
2
8a]

03 -02 -01 00 ol
Re AP

AN\ \
s . V\\\\
m Add complementary data: investigate L rram——— 5550 oo e 500

near threshold region in the channel kinematic constraint m(x pK") [MeV/c?]

cl
Xc1(1P) p N= Xer = b
Next: amplitude analysis
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Exotic Baryons

Pentaquarks with Strangeness?

Both final states provide access to strange pentaquarks usdcc

s s
1@/ KT
s U
[ [ [ [
I ]J/df
b c c b c c

m [EPJ C76(2016)446]

: m Discussed in [PRC93(2016)065203
® J/ip¢ system accessible [ (2016) ]
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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 —+ Data

4

40| — Total fit LHCb |
| - Z, signal
e W EK LL
Comb. bkg.
80
601 DD
a0f
20

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

2000}~

1000}

DD

study J/W AK™ amplitudes

Sebastian Neubert (Uni Heidelberg)

5700

5800

5900

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

Exotic Hadrons at LHCb

5500

5600

os
5700

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

More Exotic Baryons?
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Exotic Baryons

Five new (. states in the decay = K~  [PRL118(2017)182001]

I
M. Pappagallo
Tuesday morning
Resonance I'( MeV) —~ : .
0(3000)° 45+0.6+0.3 E 4001 b
Q.(3050)" 0.84£0.240.1 20N\ LHCb 7
< 1.2MeV, 95% CL I I 2 very narrqw
Q.(3066)° 35+04+0.2 & 300r  states!
Q.(3090)° 8.7+1.0+0.8 =R ]
0. (3119)° 1.1+£0840.4 & 200- ,
< 2.6 MaV,95% CL, IR
m Pentaquarks? [PRD96(2017)014009] 100f
= Meson-baryon molecules?
<3y arXiv:1709.08737 0

3000 3100 3200 3300
. . m(E K ) [MeV]
— Need quantum numbers and isospin partnher channels
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http://arxiv.org/abs/1709.08737

Exotic Baryons
Summary and Outlook

m LHCDb is making key discoveries

m Charmonium-like exotics

m Charged exotic mesons with hidden charm

m Exotic heavy baryons

m Non-exotic spectroscopy extremely important information

m Lively interaction with phenomenologists

m New ideas what measurements to perform
m Progress on analytic amplitude structure
m Improved analysis methods (eg. coupled channel effects)

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

Backup
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Exotic Baryons

Charmonium: The cc spectrum

Cornell potential vs lattice QCD

<sarXiv:1411.5997 [PRD71(2005)114510]
Y (4660) 3 . . : ;
e (4360):@;5 V(4290 X (4350) 2 |
¥ (4260) £ 54220; pp, .
PC(4160) — _45(4160) - Y (4140 DI D2
— Y(1008) 2Dy b, D:
00 BT R0 L Y3919 X2E) — A 1
§ PE(3940) 45 73770) EP) — xm) xcz(ZP) . DD
= ne(28) 1°Dy DD
4 #(25) 0 ]
8800 h. — Xe2 M 2r+gr g gg —
’ At -4o/3r+or —
370 —=—
- T 3.663
B ol 360 ——— |
ro "2 350 ——
JPC T % 1-- 14— o+t 1+ ot 2+ 77 L I S L L . L
0.5 1 1.5 2 2.5 3
. Potential model .
Observed charmonium —y arKiv:hep-ph/0701117 Exotic states
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http://arxiv.org/abs/1411.5997
http://arxiv.org/abs/hep-ph/0701117

Exotic Baryons

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

Exotic Baryons

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

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

Jhb double gaussian 6721 £ 93

Xco(1P) rel. BW+gaussian 84 +22

Xc1(1P) gaussian 95+ 16

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

¥ (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/wmc(ls) =110.2+ 0.5+ 0.9 MeV T 340419+ 1.3MeV
nc(1S) — : : :

AMy(25) . (25) = 52.5 £ 1.7+ 0.6 MeV
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Exotic Baryons
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 + 21713 ott
X(4700) 4704 + 10733 120 + 31+§§ 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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Exotic Baryons

Charged Exotic Hadrons with Hidden Charm

Sebastian Neubert (Uni Heidelberg) Exotic Hadrons at LHCb 112.2017 38/32 W&



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*

. P_ i+ o
m Z(4430) with 3° =17 confirmed m Z(4200) with P — 1" observed
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Ongoing analyses on charged Exotics in LHCb

B K Ik
m LHCb Run I: ~ 20x Belle statistics
. . B — K_7T+Xc
= 3 analysis techniques: m Amplitude analysis well advanced

= Amplitude analysis
m Moments analysis
m Novel 3D moments analysis
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<3 PRL115(2015)072001 Exotic Baryons

Why a second state with opposing parity?

m The peaking structure in my;,, is

m <1.55GeV 1.55<m < 1.70 GeV . .
e o asymmetric as a function of cos6p_)

£ . . .
= m This can be explained by interference of
5 two states with opposing parity
220
s> —— Combined P,
2 [ LHCb — — P(4450)
g 400~ —— P,(4380)
< o L
2 8T
5 3300_—
B s [
o O [
w

1

000 0 0 1 0 0 i G 0 G v A
08 - - 02 0 02 O0.

1

1.70 < mg,, <2.00GeV  2.00GeV < mg, . cos(6.)
Pe
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http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.072001

Exotic Baryons

Decay of the P. to Open Charm

P. discovery in A, — J/ipK™

Sebastian Neubert (Uni Heidelberg)

c

o

MoIecuIar-I(VIodeIs:
P, — ATD"" favoured decay mode
[PRC85(2012)044002][PRDI5(2017)114017]

ot

u u
B B ﬁo(*)
[ c
b cpic
Apiu > u u Al
d > d d

c and ¢ in meson/baryon pair
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Exotic Baryons

A neutral Pentaquark?

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

Decay into open charm hadrons

S| accessible
KO
d S
€ c _ (K™
JAp (d
[of [of
b d

0l

d
Ap u\d Py d C}D
d u u n

Abu

y
c
c
=

A+

A
o
o

Neutron not detectable in LHCb d
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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-parity combinations for the Atﬁ(’(*) 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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http://arxiv.org/abs/1703.01045

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

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

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

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 \
0.10 0.07 .
S D) But: no cusp in
00s} @ 0.06 elastic channel
= 0.06 E gigi here: pxc;
§ 0.04 é 0.03
0.02
0.02 001
0005 442 444 446 448 450 0.0240 442 444 446 448 450
Revys [GeV] Revs [GeV]
Nonrelativistic loop integral: Triangle Singularity given by
, ) ) Landau-equation
GA(E) = d'q q-fa(a”) s o
A 27 E—m, —my — G2/2u 1 +2y12Y23Y13 = Y12 + Ya3 + Y13
. 2 2 2
with a form factor f, (G°). Yij = (mi +mj — (Pi + pj) ) /2mim;
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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

&3 ST

® 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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http://arxiv.org/abs/1405.1551

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 .

— e — ey —x Several similar

= Coupled channels D AL DE,DALDS.DE, DS, models:

(ne Nym Nop Nyp'N,K %,K A) [PRC 84 (2011) 015202]
= tuned to reproduce A (2592) and AT (2625) [225:552(2203122 0::002]
m =6 Nucleon resonances with hidden charm [ ( ) 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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Exotic Baryons

|—>/1,+/f

Event 251784647
Run 125013
Thu, 09 Aug 2012 05:53:58 Ab

decay point
Ap| b h

PP
collision point

Vertex-Resolution: 71 ym (along beam)
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