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PLETHORA OF EXOTIC CANDIDATES

Eur.Phys.J. C74 (2014) 10, 2981

State M, MeV I', MeV JPY Process (mode) Experiment (#¢) Year Status
X(3872) 387168 =017 <12 17° B K(f+¢;,’/,r,;,) Bé“[ll;):l"[ﬁi:::i'zl(]:lul)).]fi])(llnl)‘6 )Bng:r[l[é'lglfl _(e;.;s) jg(l)x: 8§
- (r'w > 32, X 6), % 3. X
ﬂL :n'— Jfp) ... : LHCb [1035, 1036] (np) ' 2012 Ok [PRL 1 15 (2015) 072001]
B - K(zx+z-m0Jjy) Belle [1037] (4.3), BaBar [1038] (4.0) 2005 Ok
B = K(yJ/y) Belle [1039] 'a 5), BaBar [1040] (3.5) 2005 Ok —
LHCb [1041] (> 10) > 800
B = K(y¥(25)) BaBar [1040] (3.6), Belle [1039] (0.2) 2008 NC! (]
. LHCb [1041] (4.4) > t LHC \
o . o B K(DD") Belle [1042] (6.4), BaBar [1043) (4.9) 2006 Ok 0 700 (b) *
Z.(3883)"  3883.9+45 25+12 1t Y(4260) -« (DD") BES 111 [1044] (np) 2013 NC! —
Z.(3900)" 38012433 40+8 777 Y(4260) =« (v J/y) BES II1 [1045] (8), Belle [1046] (5.2) 2013 Ok =
) T. Xiao et al. [CLEO data| [1047] {>3) b2 600
Z:(4020)7 40229+ 28 TOE3T 777 Y(4260,4360) - 7 (xhe) BES 111 [1048] (8.9) 2013 NC! c
Z:(4023)7 40263 +4.5 24.8+95 777 Y(4260) » x (D*D*)” BES 111 [1049] (10) 2013 NC! o O*r+
Z5(10610)  10607.2+ 2.0 184+ 2.4 11~ T(10860) — m(xY(15,2S,35)) Belle [1050-1052] (>10) 2011 Ok > ++
T(10860) — 7 (x " hy(1P,2P)) Belle [1051] (16) 2011 Ok LLI 500 ﬁ' M
T(10860) — 7 (BB*)* Belle [1053] (8) 2012 NC! +
Z5(10650) 106522+ 1.5 11.5+ 2.2 11~ T(10860) — =~ (= T(15,25,3S)) Belle (1050, 1051] (>10) 2011 Ok
T(10860) — 7~ (7" hy (1P, 2P)) Belle [1051] (16) 2011 Ok 400
T(10860) — 7~ (B*5°)" Belle [1053] (6.8) 2012 NC! P (4450)+ .
xc2{2P) 24+6 27 ete wseve (DD) Belle [1092] (5.3), BaBar [1003] (5.8) 2005 Ok 300 ) (¢ %
X(3940) 394277 artil M etem — JH(DDY) Belle [1086, 1087] (6) 2005 NC! N ("
Y(4008) 3801+42  235+42 1 ete™ = (77w JfY) Belle [1046, 1094] (7.4) 2007 NC!
Y(4040) 4039 %1 80£10 17— ete” = (DD (x)) PDG [1] 1978 200
ete™ = (pdfv) Belle [1093] (6.0) 2013
Z(4050)" 405172 277t BY 5 K (xtxe) Belle [1096] (5.0), BaBar [1007] (1.1) 2008 100
Y(4140) 4145, 7"t BT S KT (eJ/v) CDF [1098] (5.0), Belle [1099] (1.9), 2009
LHCb [1100] (1.4), CMS [1101] (>5)
DO [1102] (3.1) 0
w(4160) 4153+ 3 10348 1 ete” = (D)D) PDG [1] 1978 Ok
ete = (nJjv) Belle [1095] (6.5) 2013 NC! mynp [GeV]
X(4160) 4156 19T 1F T eter o Jjy(DDY) Belle [1087] (5.5) 2007 NC!
21200 419675 B K (x[Y) Bello 103 (72) o4 net [PRL 118 (2017) 022003, PRD 95 (2017) 012002]
Z(4250)" 42487 1% 78 B 5 K (7t xe) Belle [1096] (5.0), BaBar [1007] (2.0) 2008 NC!
Y(4260) 4250+ 9 1= ete™ = (rmJfy) BaBar [1104, 1105] (8), CLEO [1106, 1107) (11) 2005 Ok .
Belle [1046, 1094] (15), BES 111 [1045] (np) 2]
ete” = (fo(980)J /) BaBar [1105] (np), Belle [1046] (np) 2012 Ok f 120
ete™ = (7 Zc(3000)7) BES 111 [1043] (8), Belle [1046] (5.2) 2013 Ok = 7
ete™ — (v X(3872)) BES 111 [1108] (5.3) 2013 NC! 7
Y(4274) 4203+20  35+16 77T BT o KT (eJ/v) CDF [1098] (3.1), LHCb [1100] (1.0}, 2011 NC! = 100
CMS [1101] (>3), DO [1102] (np) =
X(4350) 43506755  13t1 02" etem s eTe (0d/) Belle [1109] (3.2) 2009 NC! £
(4360) 4354 %11 1 ete™ o ("7 ¥(28)) Belle [1110] (8), BaBar [1111] (np) 2007 Ok o 80
Z(4430)" 4458+ 15 1t=  BY 5 K— (= y(28)) Belle (1112, 1113] (6.4), BaBar [1114] (24) 2007 Ok
LHCb [1113] (13.9) 60
BY 5 K~ (=~ Jjv) Belle [1103] (4.0) 2014 NC!
X(4630) 463177, 92tdy 1 efe = (AJAD) Belle [1116] (8.2) 2007 NC!
Y(4660) 4665+10 53+ 17 etem o (rTrw(28)) Belle [1110] (5.8), BaBar [1111] (5) 2007 Ok 40
T(10860) 10876+11 355+£28 17~ ete” PDG [1] 1985 Ok
efe” (-mT(]S‘ 28,35)) Belle [1051, 1052, 1117] (>10) 2007 Ok o
ete” = (fo(980)T(15)) Belle [1051, 1052] (>5) 2011 Ok 20
— = (7Z,(10610, 10650)) Belle [1051, 1052] (>10) 2011 Ok
ete” = (nY(18,25) Belle [986] (10) 2012 Ok 0 #TT i o i
ete” = (7" T(D)) Belle [986] (9) 2012 Ok 4100 4200 4300 4400 4500 4600 4700 4800
Y, (10888) 108884 +3.0 30.7°5% 1 ete” = (x7 7 Y(nS)) Belle [1118] (2.3) 2008 NC! my, e [MeV]
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PLETHORA OF EXOTIC CANDIDATES

Eur.Phys.J. C74 (2014) 10, 2981

State M, MeV I', MeV JPY Process (mode) Experiment (#o) Year Status

X(3872)  G8TIL68 =017 <12 177 B o K(xtr J/y) Belle (810, 1030] (>10), BaBar [1031) 2003 Ok
pp— (whw—J/ ) , 1033] (11.6), DO [1034] (. 2003 Ok
pp— (whe— b [1035, 1036] (np) 2012 Ok
B - K(x+ (4.3), BaBar [1038] (4.0) 2005 Ok
B - K{yJ/b) (5.5), BaBar [1040] (3.5) 2005 Ok

LHCb [1041] (> 10)
B — K(y$(25)) BaBar [1040] (3.6), Belle [1039] (0.2) 2008 NC!

LHCb [1041] (4.4)
B K(DD") Belle [1042] (6.4), BaBar [1043] (4.9) 2006 Ok
48830445 25412 110 Y(4260) » = (DD*)* BES I11 [1044] (np) 2013 NC!
38912433 40+8 77 V{4260) - = (xtJ ) BES II1 [1045] (8), Belle [1046] (5.2) 2013 Ok

T. Xiao et al. [CLEO data] [1047] (>3)

Z:(4020)" 40229428 7.9+37 77 (4260,4360) — = (=" he) BES 111 [1048] (8.9) 2013 NC!
40263+ 4.5 24.8+095 77 Y(4260) » = (D*D*) BES III 1049] (10) 2013 NC!
Z5(10610) 106072+ 2.0 184+ 2.4 17~ T(10860) — =(rY(18,28,35)) Belle [1050-1052] (>10) 2011 Ok
2011 Ok

T(10860) — 7 (= hy(1P,2P))

Belle [1051] (16)

[PRL 115 (2015) 072001]

’g\soo — i

10 700f- (b) ' LHC
?éeooé— +* +++

Bk et

All of them are charmonium/bottomonium-like states
What about exotic candidates with a single ¢ or b quark?
X(56568)* - B.” n* claimed by DO but disproved by
LHCb, CMS, ATLAS and CDF

D,,*(2317)" and D.,(2460)* < Today

>

>

Y (4274)

X (4350)
360)
Z(4430)~

X (4630)
Y (4660)
T(10860)

Y3 (10888)

4203 £ 20

3B16 77

43506735 13tly o2’
4354411 7816 1
4458 + 15 1+-
463477, 92tdl 1
4665+10  53+14 1——
1087611 55428 17~

10888.4 £3.0 30.775% 1

e R0
ete —» (7 Z:(3900)7)
- (v X (3872))
BT o K*(¢Jjv)

e'e

eTeT seTe (0JfY)
= (77w P(29))
BY & K—(x+y(28))

e'e

BY 5 K~ (=~ Jjv)

- (Ac )

ete™ = (mmw—Y(29))

ete - (B{] B}

eTe” = (wrY (18,
= (fo(980) )

ete~ — (72,(10610,10650))

ete” = (nY(18,25))

e

e

te~ = (xTx~T(1D))
ete™ = (777~ T(nS))

2]

Talar (1105] (np), e | | (np)
BES III [1043] (8), Belle [1046] (5.2)
BES 111 [1108] (5.3)

CDF [1098] (3.1), LHCb [1100] (1.0},
CMS [1101] (>3), DO [1102] (np)
Belle [1109] (3.2)

Belle [1110] (8), BaBar [1111] {np)

Belle {1112, 1113] (6.4), BaBar [1114] (2.4)

LHCb [1113] (13.9)
Belle [1103] (4.0)
Belle [1116] (8.2)
Belle [1110] (5.8), BaBar [1111] (5)
PDG [1)

Belle [1051, 1052, 1117] (>10)
Belle [1051, 1052] (>5)
Belle [1051, 1052] (>10)

Belle [986] (10)
Belle [986] (9)
Belle [1118] (2.3)

T0I2 Ok ST -
2013 Ok = -
2013 NC! F N
2011 NC! ‘5 1OD =

E -

5 -
2009 NC! £ L
2007 Ok o S
2007 Ok -

-

2014 NC! o
2007 NC! C
2007 Ok 40p=
1985 Ok o
2007 Ok ol
2011 Ok “0r
2011 Ok - :
2012 Ok L . K=
2012 Ok 4100 4200 4300 4400 4500 4600
2008 NC!
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SPECTROSCOPY AND QCD

Standard Model Nature

Long-distance effects

B

Colored Color-singlet

mesons and
baryons

quarks and
gluons

» Long-distance regime of QCD 1is the least understood aspect of QCD
» Many models predict states beyond the standard qg and gqq

Pentaquark H-dibaryon Tetraquark
7 0 GO
d@ju ) a.
) Molecule Hybrid Glueball
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HEAVY QUARK EFFECTIVE THEORIES

X
The heavy quark effective theories (HQET) predict the masses of the

heavy mesons D and B, by a perturbative expansion of Agcp/mg ~ 0 |

Leff,l/m = ]/_lx wv-D hv +2LE, (l BJ_)zhv +4i]’_l‘, O-aﬂGa'Bhv + 0{ 1 J

2
My mg

T 1

HQET lagrangian Chromagnetic operator

Residual heavy quark
kinetic energy

3
Precise measurements of the excited heavy meson properties are a
sensitive test of the validity of HQET

18 April 2018 M. Pappagallo 7




rHEAVY MESONS IN HQET

—)
S pn S
Q Sq L Orbital angular momentum
Jq =L+ S4=uds Angular momentum of the light quark
(""-- T J=j,+50-p. Total angular momentum of the heavy meson

The light quark quantum number (j,) decouples and it 1s
independent of the spin of heavy quark (sg)

Heavy Mesons Atoms
Color magnetism vanishes Spin-orbit vanishes since m /my =0
No dependence on the mass (i.e. flavor) Isopotes have same chemical properties

18 April 2018 M. Pappagallo 8




I
NAMING CONVENTION

Spectroscopy notation PDG notation

Natural spin-parity J* = 0%, 1-, 2%,...
Radial quantum number /

\Fn/218+11<J J [D*J(m)O/-_/-Or B*J(,q)g/i]

= 0,1,2... - S, P, D Mass

Sum of quark spins

18 April 2018 M. Pappagallo 9
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L=1 EXCITED CHARMED MESONS IN HQET

[ For L>0, there are four different possible (J, j,) combinations ]

E.g. Orbitally L=1 excited D_**>D®K

(- e

\

e Allowed decay mode
DK D*K
D, 1/2 0% yes no
D, 1/2 1% no yes
Do 3/2 17 no yes
\ D, 3/2 2T yes yes )
JgP—ot JP=1t JP=1t JP=2t
DSO* D,sl Dsl Ds2*
Two Broad States  Two Narrow States
decaying in S-wave decaying in D-wave The 4 states come 1n doublets. Within each doublet:
(T~100 MeV) (T~ 1+10 MeV) v 1 natural state (D,,*) decaying to DK and D*K
| Y / \ Y / v" 1 unnatural state (D,;) decaying to D*K
Jg=1/2 Jq = 8/2
doublet doublet

@nly exception is the (0*,17) doublet above) y

18 April 2018 M. Pappagallo 10 |
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SPECTROSCOPY TECHNIQUE

“Inclusive Analysis”

SN

(e.g. e*e- > D**(3Dm) + X or pp > B_#*(3BK) + X)

/K-
—> 11"

VYV Y V)

Large cross sections

Large combinatorial background

Resonances appear as bumps
Hard to disentangle broad structures
Difficult to assess spin due to the =:¢
unknown 1nitial polarization

Q Presence of “reﬂections”/“feed-downy

p

\ 200F-

150~

Candidates / 20 MeV/c?
S
I ] ]

100[

18 April 2018
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m(DYK") eV/c?]

[LHCH: JHEP 10 (2012) 151
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SPECTROSCOPY TECHNIQUE

“Inclusive Analysis”

(e.g. e*e- > D**(3Dm) + X or pp > B_#*(3BK) + X)

K-
A77DO /47 +

II

4&\/\%\’

VYV Y V)

Large cross sections

Large combinatorial background

Resonances appear as bumps
Hard to disentangle broad structures
Difficult to assess spin due to the =:¢
unknown initial polarization

Q Presence of “reﬂeetions”/“feed-downy

p
K+

D*_;(2400)* ??? .
\ 200X1*p
150~

100[

Candidates / 20 MeV/c?
S
I ] ]

EECE
IV (o)

- D*,(2700)*

4 /D*SJ(2860)+_:

oo —

18 April 2018
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ok if m(DOKY) Jevie
[CHCH: JHEP 10 (2012) 151
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SPECTROSCOPY TECHNIQUE

“Inclusive Analysis”

SN

(e.g. e*e- > D**(3Dm) + X or pp > B_#*(3BK) + X)

/K-
—> 11"

ZioS

VYV Y V)

Large cross sections

Large combinatorial background

Resonances appear as bumps
Hard to disentangle broad structures
Difficult to assess spin due to the =:¢
unknown 1nitial polarization

Q Presence of “reﬂections”/“feed-downy

K+

p

D,,(2536)*
L p*0 K+ ,
Lypo 'Y/ﬂﬂ

\ 200F-

150~

100[

Candidates / 20 MeV/c?
S
I ] ]

x1931,/....,..
[~ . LH

(b) i

18 April 2018
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pk*if m(DOKY) fevie?

[LHCH: JHEP 10 (2012) 151
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ﬁ Limited statistics

» Small background
» Resonance characterized by

(1.e. interference)

» Suitable to study broad
resonances

amplitude (i.e. bump) AND phase

“Exclusive Analyses”
(.8 BID™ODmnor BIBHGBRD = K
o? —> ot
-
SV 7 Bl
S 2" +
< > ,é; Y p K
N L
\ D* ,(2573)*
o ——3 ~ 400 : :
2 ows  LHCb 75 350} / LHCb
52000' F:II fit _ E 300;
23/1500- 5;::§Ir:\aaltorial bkg. ‘ i‘.’,: 222§ D*SJ(286O)
S f - B*5 DK 1
5 1000 o 3 sof
S BT L
o A, > D pr ] R A S S i A,
) 5600 5800 2 o cz3.2
v /..\é; DOK 7T+) MeV/c’] ])[GeV/ ]

» Spin-parity assignment by
\ amplitude analysis

18 April 2018
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[LHCb: PRL 113 (2014) 162001, PRD 90 (2014) 072003 ] ‘
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KINEMATICAL REFLECTIONS/SHADOWS

[ (e.g.) D> KKt ]

/ N\

D’ — R’ D' —RK*

L + - or L -+
K K K
K*(892) (I)(1020)
8000 17T L L LRI I I T T T T
i 25000 | i
" 2 20000 : 2 h
3 L ] >
E S 15000 - : 3 ]
g 5 227 ] 2
S : C ' ]
2z E 10000 = 2 1
2 2 r z :
o 7 F 1 v |
5000 - ] ]
OJL\—MM olle v v v b
1 15 2 25 3 35 0.5 1 1.5 2
m (K" (GeVZ/ct) m*(K*K) (GeV/ch) m (K*") (GeVZ/ch

[BaBar: PRDS3 (2011) 052001]

18 April 2018 M. Pappagallo 15
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KINEMATICAL REFLECTIONS/SHADOWS

[BaBar: PRD83 (2011) 052001]

[ (e.g.) D> KK

r ~ 2+
$(102 < |
reflecti fg 15
[ ~ [
L B L
Real [ “ig T
K*(892)
i 3 05
u T T s
°° m*(K*K) (GeV%/c*)
,2I-AD TO0/SIAAD R ERRNEEEEE SRR SEE Sy
Re%ﬂ“;E E
b (L0260} :
N K*(892)
5'50005" reflections
E 10000 |- / \ .
e :
0:.£ }\h—((l‘\r-l—_- J.-H"T’L ]

1 15 2 25 3 35
m (K'K) (GeV/c?)

18 April 2018 M. Pappagallo
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THE EXCITED D STATES

e

Inclusive analysis
pp 2 DOtm +X

[LHCb: JHEP 09 (2013) 145]

N

-

J4=3/2 doublet

» 3 peaks in Dx

v Dy*>Dn
v' D; >D*r feed-down
v Dy*>D*rn feed-down

> 2 peaks in D*n
\ p

N

ovprlapped if
I >m(D*)-m(D)

D,(2420)°
isoooo:— " -
‘I Iy |
220000 ;o -
- J'
10000
Oh | Lo L
200 2400 2600 2800
1) [MeV]
M(D*r)

18 April 2018
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je J¥  Allowed decay mode
Dr D*m
D§ 1/2 07 yes 1no
Dy 1/2 1t no yes
Dy 3/2 1t no yes
Dy 3/2 2T yes yes
D,(2420)" /D,"(2460)° feed-down
L> D*+ o
LoD+ y/28
o T \x y T
S [
S /\ “ D, (2460)" ]
g60000- ¢ \ 5 ’
s \// :
Féo000f- ° ]
20000} -
000 200 2400 2600 2800
M(Drn) |9 MV
17




I
THE EXCITED D STATES

( . . )
Exclusive analysis
B > DO oo je J¥  Allowed decay mode
[Belle: Phys.Rev.D69 (2004) 112002] D D*x
r - N\ D 1/2 07 yes no
=3/2 doublet
> 1 peak iri](i)n 1 12 1 mo e
»>2 peaks in D*n } as expected "
\_ ) yes
140 ==
100 | | Np

Events/20 MeV/c*
Events/10 MeV/c?

L T g SRS
24 25 26 27

M(D*ﬂ) 'IE'V/(‘z)

Broad states of the j=1/2 doublets also resolved by an amplitude analysis

18 April 2018 M. Pappagallo 18
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THE EXCITED D STATES

D*rn

Drn

N
» The charmed excited states studied in inclusive analyses and into B decays
> The orbitally =1 excited D™ states observed first
» Masses and properties well predicted by theory )
* % —_
D** (L=1) ; [ e )
/ Mass (MeV)  Width (MeVN 05 gl — 5 =]
D§(2400)° 2318 £ 29 267 + 40 e Pr o PP
D;(2400)* 2403 £ 40 283 + 40 226k e N
RV g g ———= .
D1(2430)° 2427 £ 40 38471150 s P rTTT T T i
Ds (2430)i - - 7 41 : T‘D‘ . i
D1(2420)°  2421.440.6 27.4 £ 2.5 I <E - .,I i
D1(2420)*  2423.24+2.4 25 + 6 s N
D3(2460)° 2462.64+0.6  49.0+1.3 B .
* e N i
\ D3 (2460) 2464.3 £ 1.6 37+£6 ,/ o) S — S TR T T - - o
N B b — = =Di Pierro, Eichten [PRD 64 (2001) 114004] :
- | ¥ @ Observed i
e 1.8—
M\_/) »4p,s, °s, 'p, P, 'P, P, 'D, D, 'D, D,
\\2?\_/ J, 1/_2 1/_2 1/2 1/2 3/2 3/2 3/_2 3/-2 5/_2 5/_2
JPo r ot 1t 1" 21 2 2 3
18 April 2018 M. Pappagallo 19
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THE EXCITED D¢ STATES

» The charmed excited states studied in inclusive analyses and into B decays
» The orbitally L=1 excited D, states observed first
» Masses and properties well predicted by theory

expected broad and to be
observed in B, decays...

D,* and D,,” states

18 April 2018

— 3
>
O
D_** (L=1) Q2.8
o]
9]
4 Mass (MeV) ~ Width (MeV)\ ‘2“ 2.6
50 — —
h — — 24
D41(2536)F  2535.10 £ 0.08  0.92 £ 0.05
*(2573)F  2571.940.8 1744 2.2
U —) )

M. Pappagallo

n -- .
n == D52 --D %
- Dsl : D52 $3 .
» - - =D *Q2S) .
B Db(zs) ( _— _— _— _— —_— \ T
5 Y I i
________ I oo -D'IL - ?'!;_ —EEEEEEEEEEEEEEEEEETE
B ‘ DsO* I -
[ e e —— ]
Dg* Godfrey, Isgur [PRD 32, 189 (1985)]
| = = = Di Pierro, Eichten [PRD 64 (2001) 114004] _ |
. Dt - @® Observed E

25+1LJ ISO 3Sl lPO 3P1 1P1 3P2 1D1 3D2 1D2 3D3

Jj, U2 12 12 1/2 3/2 3/2 3/2 3/2 5/2 5/2
JPo 1 ot 1t 1t 21 2 2 3
20
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FPuzzLE:

EXCITED Dg MESONS: L=1, j, = 1/2(?)

D, *(2112)

Inclusive studies of D, n°
[BaBar, PRL90, 242001][CLEO, PRD68, 032002]

\ D, *(2317)
3 LANLENL L B L B N L R L
450 & } —
% 400 Sli \ o | (a)  Dy(2460
> 350 F o 20+ \
2300 =
0 250 £ :**#H o | :
w200 F i 4 { 210k
g 150 | it A ¥ b ® 10f
® 100 E Pttt v i
50 £ O e
ol S I T I S I E S R . ST
2.1 2.2 2.3 2.4 2.5 100 200 300 400 500 600
M(D,x") M(D,yx")-M(D,Y)
g : "\ Surprisingl
PDG Mass (MeV) Width (MeV) = p % y
*(2317)F  2317.7+£0.6 < 3.8 Harrows
D,1(2460)*  2459.5 £ 0.6 <35
\_ /

18 April 2018
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ARE THEY THE MISSING L=1 STATES?

— 3
/ \ % i _D_-*-_ﬁs;' B |
> Why are they so narrow? O sk J
Lack of an isospin-conserving strong decay | . [ .. ;= ]
channel since the decays to DK and DOK final | 3, 6‘_Ds<2s>{ TTITTT O ]
states are kinematically forbidden > :_____I T_T I S j
245 - D”°*bsl(2‘460) : ]
» Why are the masses much lower (~100 MeV) than [ e T LA ]
expected? Are they excited D, states? o[ Al ,' .
J¥ = (0%, 1*) as expected for the L=1, j =1/2 states. . ]
However many alternative interpretations oL | 7
proposed: DK or D, o molecule, qq + i ]
tetraquark/DK mixin
k q g j 2547 15 35 'p, p, 'P, °P, D, °D, 'D, D,
J U2 12 1/2 1/2 3/2 312 32 3/2 52 5/2
Decay Mode ~ BR (%) JPoo 1 o0 1t 1t 21 2 23
D*(2112) DY 5.8 +0.7
D~ 93.5 4+ 0.7 10.00
D:0(2317) D;_’]TO Seen ﬁ BR p— 1.00_014 :l: 0.14
Dt~ <5 -
Dty <6 [BES: PRD 97 (2018) 051103 |
D,1(2460) DF 70 48 + 11
Df~ 18+4
Dty <8
18 April 2018 M. Pappagallo 22
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ARE THEY THE MISSING L=1 STATES?

/ > Different mass splitting between the two doublets in a qq scenario: \
Mp,, (2460) — Mp=, (2317) # Mp=,(2573) — MD,, (2536)

» B->DD_* branching ratios below expectations (i.e. ~1) for a qq state
[PLB572, 164 (2003)][PRD69, 054002 (2004)]

B(B* — D°D!)

B(B*+ — DYDY)
B(B® - D~ D)

\ T /

0.032
- 0°081t0.025

. . . . . \
No D ,*u* partners have been observed in inclusive studies [BaBar: PRD74 (2006) 032007] OT 1n
B decays [Belle: PRD 91 (2015) 092011] (upper limits more than an order of magnitude lower)
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Candidates / (7 MeV/c?)

r

Search For “D_,*” in

broad D ,* state above the DK threshold should appear in B, decays

[ If the D,,*(2317) is not the L=1, j,=1/2 excited D, state, then a ]

Amplitude anal

ysis of B, > D K- «*

———— —— D —~ 400
2500 ) RS :
C n Data L ] % 3505
2000 Full fit 4 = 300F
0 1 & -
------------- B, signal 1= 250_
Combinatorial bkg. ] & 200E
M ] — B - DK . % -
- 0 =0 - 5 150
g B, ->D Knr ] g g
C B° —)E't)on’r _: O 100:
2 R0 ] sof

e ""N"Zﬁ'-‘"; = ’i': i e b Y T——

%00 5400 5600 5800
—~ _ 2
m(DOK 7t JMevich

T T T T T T T

2.4 26 28

m(D°K ~)

No evidence for such a broad D_* state

3 32

) [GeV/c?]

B, Decays

[LHCb: PRL 113 (2014) 162001}
[LHCb: PRD 90 (2014) 072003 ]

18 April 2018
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Resonance Fit fraction (%)
K*(892)° 28.6 + 0.6
K*(1410)° 1.7£0.5
LASS nonresonant 13.7+2.5
K5(1430)° 20.0+1.6
LASS total 214+ 1.4
K5(1430)° 3.7+0.6
K*(1680)° 0.5+0.4
K3(1950)° 0.3+0.2
D%, (2573)~ 25.7+0.7
Dz, (2700)~ 1.6+0.4
Dz, (2860)~ 5.0+1.2
D%,(2860)~ 2.2+0.1
Nonresonant 124+2.7
Dz, 47+1.4
Dz, ,(2317)" 2.3+1.1
Bt 1.94+1.2
Total fit fraction 124.3
24




rPUZZLE 11:

IS Dg,(2536)* THE EXCITED L=1, j,=3/2 STATE?

Angular analysis of D_;(2536)*> D™ K’ decay

NQ @ 1 I 1 ] 1
> BELLE
S
= 400
S
[¥]
'€ 200}
=]
[84)
0 —ta Lo al PP 3
2500 2510 2520 2530 2540 2550 2560
M(D’r*KY) - M(D"1t") + MTP9(D™)  MeV/c?
0.06 } t
t : $ 4
i
0.04 } -
0.02¢
0 . 0 /2 T .
-1 0 1 -1 0 1
cosQL B cosy

18 April 2018

[Belle: PRD77 (2008) 032001]

.
I

5 —0.7240.05 + 0.01

Ftotal )

Contrary of HQET expectations, the
S-wave contribution dominates!

M. Pappagallo 25
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HIGHLY EXCITED D(S) MESONS

Broad states are expected well above
the D®r/K thresholds

>
[ W T T O W W W WO W™ O™ W™ W =
[QD) 2§_ '['); D, __._ _b_*_—l
— ! ' by 1)
2261 11
— ____D*2S) —
S N L - - - e = = - | /
2 B ___'____—4 i
2.4— - D) 'D"l' D, ]
B » i
221 -
_________________________________________ J-D*n
) SO = Jon
B D* i
[ == i
1.8—=

2S+1LJ ISO 351 IPO 3P1 1P1 3P2 IDI 3D2 1D2 3D3
Jj, U2 12 1/2 172 3/2 3/2 3/2 3/2 5/2 5/2
JPo r o1 1t 21 22 3

\———

3 ——————————————— [~
> R O
O I D By P
O28F -
% I L - - _D*(2S) .
2 IS P ——
: --------- :D::-‘D;r- il t
24 - 41(2460) —
R DK

- D, *(2317) i
22F .
i T i
'_ Godfrey, Isgur [PRD 32, 189 (1985)] _'
2 | :D.: = = =Di Pierro, Eichten [PRD 64 (2001) 114004] _|
= : @ Observed -

2.S+1 S 3S 1P 3P . IP . 3P2 IDI 3D2 1D2 3D3

]q 172 1/2 1/2 1/2 3/2 3/2 3/2 3/2 5/2 5/2

JS0 1 0" 1" 1m 2 I 2 2 3
26
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SPECTROSCOPY OF D** IN B DECAYS

First observation of B- 2> DK

No resonances expected decaying

in D*K- (quark content csdu )

L L S S S S S s S S T

N ]
+ E
8 :
= J 10bp,%2460) .
5—A | T S SR N S S S | 1 -:'
5 10 15 20
m?2(DT ™)

Candidates / (40 MeV)

350
300
250
200
150
100

50

[LHCb: PRD 91 (2015) 092002]

&

)

v

D,*(2460)

- -

e

v v O

Large NR component

Observation of D;*(2760)°:
» Determination of mass and width
> Determination of spin-parity JP=1-
(further supporting the interpretation as D,*(1D))

18 April 2018
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Resonance

Data ------ D3(2460)"
Total “ieoei DY2760)°
Background By
- D [2007)° oo Nonresonant S-wave
Dj(2400)° ——— Nonresonant P-wave
Fit fraction

D;;(2400)°
D;3(2460)°

83260619
3181509+ 14

D;(2760)°

49+12+03+£09

S-wave nonresonant
P-wave nonresonant

380£74x15+108
23.8+5.6+2.1+3.7

D:(2007)°
B,

T76+£23+13x15
36+:19+09£1.6

27
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SPECTROSCOPY OF D** IN B DECAYS (II)

Amplitude analysis of B® >D°n*

[LHCb: PRD 92

(2015) 032002]

D,*(2460)
— 10y _ I A— —_ P — —
o - L
i~ E T i To 150 —— Data .
10 = =~ 3 Data o~ . J
. - E 2000F |/ 1sobar fit E :;?(2:23( %I
8 " - R G D 2760 J o 4
|t< 10 0 1500 ’%J‘_ = 100 Other D .
+ |61y = ,K ~ L R'n
| E = 1000F WK Swave 2 Background
~ 4R & C Background 5 sok
= 2 : E >0 .
e c—————— 0 [ N . LTy a L.
% 10 15 20 25 7 8 9 10
N0, — A% ~0 _ _\ peVviet
m?(DO7~) feV7e! m?2(DOx~) V)
£,(1270 |
D,*(2460) (1270)
p(770) Resonance Isobar (F; %) K-matrix (F; %)
Nonresonance  2.82 4 0.34 4 0.07 = 0.80 n/a
g \ £o(500) 13.2 4 0.89 & 0.31 = 2.45 n/a
+ - i : £.(980) 1.56 4 0.20 4 0.11 = 0.54 n/a
Two models fgr I Isobar agd K-matrix oo pE0L029 0.1 =05 e
» D,*(2400) spin-parity determined: JF=0" S-wave 16,39+ 0.58 4 0.43 = 1.46 16,514 0.70 % 1.68 = 1.10
. N ] p(770) 37.54 4+ 1.00 £0.61 =0.98 36.15 4 1.00 + 2,13 = 0.79
» Observation of D 3 (2760)": w(782) 0.49+0.13+0.01 =0.03  0.50 £ 0.13  0.01 = 0.02
o . p(1450) 1544032 4008022  2.16 4+ 0.42 + 0.82 = 0.21
> Determmat}on of ma.tss and width p(1700) 038 % J3£007=£0.06 0.83+0.21 +0.61 =0.12
» Determination of spin-parity J*=3- £2(1270) 10.28 4+ 0.49 +0.31 = 1.10 9.8 4 0.58 4 0.83 = 0.58
. . : D'n~ P-wave  9.214+0.5640.24 = 1.73  9.22 4 0.58 & 0.67 = 0.75
— *
\ (interpreted as orbitally L=2 excited state D;*(1 @ D;(2400) 9.00 4+ 0.60 £ 0.20 = 0.35  9.27 + 0.60 £ 0.86 = 0.52
D3(2460)~  28.83 4 0.60 £ 0.74 = 0.50 _28.13 + 0.72 & 1.06 = 0.54
D3(2760) 1.22+0.19 +£0.07=0.09  1.58  0.22 & 0.18 = 0.07

18 April 2018

M. Pappagallo
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SPECTROSCOPY OF D** IN B DECAYS (1II)

[LHCb: PRD 92 (2015) 012012]

[ Amplitude analysis of B® >DK*

D,*(2460)
Z.
T el ] 7 P T LHCi ] Resonance Fit fraction Upper limit
1 = % K" (892)° TAL15+12517
] & op ] K*(1410)° 0.7£03+08+08 <3.2(3.7)
4 % ; ] K;(1430)° 51+£2.0+24+34
1 5 °F ]  LASSnonresonant 4.8+38+38£6.7
1 =5 - ] LASS total 6.7+£2.7+27+54
et 5 100 E K3(1430)° 74+ 1.7+1.1£20
R A H bab 1 D;(2400)~ 193+28+2.0+74
YRS 50 ¥ E Dj3(2460) 231+12+1.1+1.2
e el o 1 | Dz(2760)" < 1.0(1.1) |
15 20 057 3 n - D S-wave (dabba) 6.6=X14EX1.2=3.7
m2 (DOT('_ ) ]1") [GeV] m2 (DOW_‘)T) (GeV) Dr P-wave (EFF) 89+16+22+3.0
K*(1430)
D,*(2460) K*(892)
®  Dpata m— Totalflt  "EEEEe K*(892)°  mivmr K*(1410°
"""" Kn S-wave (LASS) = = K;(1430)° = ' Dg (2400) D; (2460)
e “ Dr S-wave (EFF) memem— Dn P-wave (EFF) ' D~ Background

No evidence for D;*(2760)
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EXCITED Dg STATES IN Bg DECAYS

[LHCb: PRL 113 (2014) 162001]
[LHCb: PRD 90 (2014) 072003]

[> LHCb has performed a Dalitz Plot analysis of B, > DK-r*

> D_;*(2860)" consists of (at least) 2 overlapping states JF=1- & 3']

D,,*(2860)

m2< K—7t) Vet

Candidates / (5 MeV/c?)

2.95 3

m(D°K )

GeV/c?]

Width (MeV/c?)

o
s 10
— - 2.4
D,,*(2573) (Lm2(DK ) K [GeV7qd. (95,
Resonance  Mass (MeV/c?)
D (2573)~  2568.39 £ 0.29
* (2860)~ 2859 + 12
D%, (2860)~  2860.5 % 2.6

16.9 £0.5

159 £ 23
53 £ 7

18 April 2018
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Resonance Fit fraction (%)
K*(892)° 28.6 + 0.6
K*(1410)° 1.7+£0.5
LASS nonresonant 13.7£25
K5(1430)° 20.0+£1.6
LASS total 2144+ 1.4
K5(1430)° 3.7+0.6
K*(1680)° 0.5+0.4
K3(1950)° 0.3+0.2
Dz, (2573) 25.74+0.7
D7, (2700)~ 1.6 +£0.4
Dz, (2860) 50+1.2
D*,(2860) 2.2+0.1
Nonresonant 124+ 2.7
Dz, 4.7+ 1.4
D%, ,(2317)~ 23+1.1
Bt 1.9+1.2
Total fit fraction 124.3
30




EXCITED D SPECTRA

S [ e ] > P p
L B e ]
Vo [ D ‘ == b, - i O 2_.1..)5 .......... D #(2860) D7 - D Pl ]
g E:::::_:E_D_'J(zﬁmj -- D, ‘.@Z@Q)-D;"::::::D'E':P_g_""::: gzg - --- .
5] 2 6 ----------------- D]*(2650) --------------- -1 7)) F-====p*@2Sy~~~-~---- DSJ*(27OO) ---------------- ]
A ) G =-pres o D (2580) ----cmeeeeeemo = X ) .
S A — ] < 261 e :
L - 4~ b _____. Do oo | p*
24+ — P s . I Dy 0 I
L D'o* ' . 24+ D ,(2460) —
- . F--- - - -‘------------------------------—DK
22+ — I D (*(231d Bodfrey, Isgur [PRD 32, 189 (1985)] ]
iy V2014 22— - — =Di Pierro, Eichten [PRD 64 (2001) 114004]
: N : : -9- @ Observed :
2 L - L T T =IDn - by ]
L D i 2 e —
[ = 1 [~ 1
1.8—=
2S+1LJ 1SO 381 1P0 3P1 1P1 3P2 1D1 3D2 1D2 3D3 ZS+1LJ lSO 381 1P0 3P1 1P1 3P2 lD1 3D2 1D2 3D3
jq 1/2 1/2 1/2 1/2 3/2 3/2 3/2 3/2 5/2 5/2 jq 1/2 1/2 1/2 1/2 3/2 3/2 3/2 3/2 5/2 5/2
JPoo 1T o0t 1m1r 21 2 2 3 JPo- 1T 0" 1" 121 2 2 3

» Likely to be radially or L=2 excitations
» More studies requires: missing states, quantum numbers,...
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I.Baryon Spectroscopy




rHEAVY BARYONS IN HQET

Heavy baryon modeled as a system consisting of
a static heavy quark Q surrounded by a diquark
system comprised of the two light quarks

=)
/
S

Orbital angular momentum between the two light quarks

7 A Orbital angular momentum between the heavy quark and
the diquark system
L= Zp iy A Total orbital angular momentum
Sag = Sgp =F S Sum of light quarks spins
SQ=b,c Spin of the heavy quark
qu =L+ S Angular momentum of the diquark system
\jz qu + so Total angular momentum of the heavy meson

Parity P = (—1)% 1%
18 April 2018 M. Pappagallo 33



I
INTRODUCTION

[ States can be classified according to their quantum numbers ]

Quark Model [’JP, L, sqq) = ’ [(gpek)j; (SquQ)S} J>]

HQET [|JP7jqq> = H [(ngA)L SQQ}jqq SQ}J> ]

The states of one scheme are linear
combinations of the states of the second

Jaq

[{ [(6ol0) SQQ]jqq SQ}J> = (_1)1/2+SqQ+L+J\/ 2Jqq 1 X Z V25 +1 { 1£2 S?]q > } H(E €)1, ($4450) }J> J
S

[W.Roberts, M.Pervin: Int.J.Mod.Phys. A23 (2008) 28]\7]
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(GROUND STATES

» Baryons made of 3 quarks (fermions)
» Wave function must be antisymmetric under interchange of any two equal-mass quarks

[ lqqq) 4 = |color) , X |space, spin, flavor) ¢ ]

j=0* JP=1/2+ J=1* J¥=1/2* j=1* JP=3/2*

SU(3) Multiplets @

The baryon Q2 is made of 1 quark charm and two quarks strange

——

18 April 2018 M. Pappagallo 35



I
ORBITALLY EXCITED BARYONS

[ The p- and A-mode excitations of the single-heavy baryon ]

? @ O O 7 excited L =1 Q,

q q q
o, <@ / \
5A-modes 2p-modes
P-MODE A-MODE

[Phys.Rev. D92 (2015) 114029]
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ORBITALLY EXCITED BARYONS

[ The p- and A-mode excitations of the single-heavy baryon ]

?

18 April 2018

O

q

9,
P -MODE

[Phys.Rev. D92 (2015) 114029]

O

q

O

q

A-MODE

7 excited L =1 Q,

w0 /

5A-modes

\

A

f

Neglected in many mode

M. Pappagallo

37




I
EXCITED Q°, STATES

{Only the ground states QO (JF=1/2*) and Q*° (JP=3/2*) are known so far]

Mass [GeV/c?]

Excited modes between the two Lattice QCD:
light quarks are not considered [M. Padmanath et al. arXiv:1311.4806]
35 =
34E N =
- Predictions I Eﬁ XJ Q 7
3 3 - 0,,(2P) el )Q (2P)Qr2(2p) | § —
N: ] -
3 2 :_ - ] .Qd(lD)Qd(lD)Q‘Q(lD)A —: %
o LoD apld 3 O
31F IS - 9,0D) 3 o
E S Tk | : e
3R Cﬁ i E :
29F L T e 3
28F '\ =
F w4 5 P-wave states ]
2.7 & o - 08 . == 7 P-wave states
2.6F - 0.6 . g . :
S S P P P P P D D D D D D 12" 30" 50" 72" 12 32 52 72
jo 1 1 0 1 1 2 2 1 1 2 2 3 3
gpor 3 r r 3 3 5 1+ 3 3 > 5 7
2 2 2 2 2 2 2 2 2 2 2 2 72
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WHERE TO LOOK AT?

— 35 -
= 34 N =
> mxj E
Q33 P e P E C
A ) %
n . P & N 0.(1D)02 (LD (I Ll —=p
4»2(_1_)‘ . =7
S 31 &:::::::::::::::::::::::::::__‘_"f“_’)gm_;;[ﬂ S
s JE 5:@3)"::'"':::'/::::::::::::::::::::::Ef);’;ﬂ QOC
0.25) / e
3 ========Q(T e -E//ﬁ::::::::::::::::::::Ei}gz”
e T TR = P
........................................... o
2.8 £
27 ,. = S
0, 3
2.6 :
L S S p P P P P D D D D D D
jqu 1 1 0 1 1 2 2 1 1 2 2 3 3
gpo 3 ror 3 3 s o1 o3 o3 o5 5T
2 02 2 2 2 2 2 2 2 2 2 2 2

cwm O

®

{
Decays to Q0 110 and Q™ 10 final states are suppressed by isospin-violation
Investigation of the decays to the = K- final state )

18 April 2018
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THE E_*K- MASS SPECTRUM

[LHCb: PRL 118 (2017) 182001]

[ 105 = * candidates combined to kaons with opposite charge ]
/; 800 T T T | T T T T | ]
O |
= il —
Q - [ 5 narrow peaks in = K- !]
~ 600 +EK -
9 | =K .
:_g + B = sidebands :
= 400 + + {H + — No peaks in the wrong sign sample = *K*
8 i | i 1 Fw f\u ' w " ”. '\i i No peaks in the = * -sidebands K- sample
200 N
ol

3000

18 April 2018

3100 3200 3300 3400

m(Z" K*) [MeV]

M. Pappagallo
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I
THE E_*K- MASS SPECTRUM

[LHCb: PRL 118 (2017) 182001]

[ 10% =.* candidates combined to kaons with opposite charge ]
/; 800_ T T T T | T T T T T T T T | T T T T | I_
0 I ' |
= LndifS —
Q - | - [ 5 narrow peaks in = K- !]
— 600 f +EK -
8 | + + I:]E:K+ _
:_g : + + h B = sidebands :
Fg 400+ w # — No peaks in the wrong sign sample = *K*
8 - . i ; f. | M Fw % L w b bt No peaks in the = * -sidebands K- sample
L | H l' o B f “
200 One more structure? |

/ 0 3000 3100 3200 330(_) 3400
Threshold enhancement m(E: K+) [MCV]
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THE E_*K- MASS SPECTRUM

[LHCb: PRL 118 (2017) 182001]

[ 10% =.* candidates combined to kaons with opposite charge ]
=K
Kinematic_ threshold
/; 800_ T | T T T : T | T T T T | T T T T | T T T T | |_
0 I . |
= LH%- =
Q - o - [ 5 narrow peaks in = K- !]
~ 600 | i {i + 5K -
g N _ =K ‘
:_g : + I; h ! B = sidebands :
Fc% 400 4 +++,W h + + {H + — No peaks in the wrong sign sample = *K*
BRI 2 it S ' w | No peaks in the = * -sidebands K- sample
7 ! w' “1 "'JH" "””' M ’
ol 1
Y. o :
2004 i -
- ' States with masses M > m(Z,) + m(K) could
- decay to =, *K- as well and appear into = K as
partially reconstructed decays (i.e. feed-downs)

3000 3100 3200 3300 3400
m(Z" K*) [MeV]
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FIVE NEW EXCITED QY STATES!

[LHCb: PRL 118 (2017) 182001]

\_ knowledge

(> Observation of 5 new excited Q, states! Two of them extremely narrow
> First time so many states observed 1n a single mass spectrum
» Comprehensive explanation of all peaks challenges our current

N

n
()
I?II

>
)
= + 2K /
= — Rull fit Resonance Mass (MeV) ' (MeV)
- - - Background 0.(3000)°  3000.4 + 0.2 £0.11)3 4540.6+0.3
s 300 Feed-downs +0.3
= g Q.(3050)°  3050.240.140.17%: 0.84+0.240.1
- E7 sidebands 0.5
s < 1.2MeV, 95% CL
§ Q.(3066)°  3065.6 + 0.1 +0.370:2 3.5+04+0.2
0.(3090)°  3090.24+0.3+£0.5703  87+1.0+08
Q.(3119)°  3119.14+0.3+0.9702 11408404
i < 2.6 MeV,95% CL
f 0.(3188)° 3188+ 5 =+ 13 60+ 15+ 11
0 k
3000 3100 3200 3300
m(Z'K ) [MeV]
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' CONFIRMATION OF EXCITED Q°,
AT BELLE

[Belle: PRD 97(2018) 051102]

N
> 4 out of 5 states confirmed

» The narrow state at high mass 1s missing (not in disagreement with

the LHCDb observation)
. .

35
30
25
20
15

II|IIII|IIII|IIII|IIII|I

Rl ||...| !' } -

v " | n . J bl
10 ¥, :'- r ..;-:ui ' .|I 1Flulll |I "H. ‘J.Til """ ‘l l. I

|Z :\ 'Im

3 305 31 315 32 325 33
M(Z:K) (GeV/c?)

18 April 2018 M. Pappagallo 44




F WHAT ARE THEY? WHY ARE THEY SO
NARROW?

[ Are they orbitally excited (L=1) states? Or radiatally excitations? Or... ]

TABLE II: Spin-parity (J¥) numbers of the newly observed €. states suggested in various works.

State | [19] [20] [21] [23] [29] [25] [27] [28] [32] [26] This work
Q.(3000) 1/2- 1/2=(3/27) 1/27 1/27 1/27 1/2 1/2% or3/2% 1/2 1/2-
Q.(3050) 1/27 1/27(3/27) 1/27 5/27 3/27 1/27 5/2% or7/2% 3/2° 3/2°
Q.(3066)|1/2* 1/2* or 1/27 3/2°(5/27) 3/2~ 3/2~ 5/2= 3/2 3/2° 1/2* 3/2°
Q.(3090) 3/27 (1/2%) 3/27 1/27 1/2% 3/2" 5/2° 1/2* 5/2°
Q.(3119)|3/2F 3/2* 5/2 (3/2%) 5/2° 3/27 3/2* 5/2° 5/2% or7/2* 3/2* 1/27 1/2% or 3/2*

[K.-L. Wang, L.-Y. Xiao, X.-H. Zhong, Q. Zhao, Phys. Rev. D95 (2017) 116010]

[ ...are they pentaquarks? ]
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PENTAQUARK INTERPRETATION

The structure of pentaquarks Q2 in the chiral quark model

Gang Yang!, Jialun Ping'
! Department of Physics and Jiangey Ky Loborio erical Simulation of Luvyc Scale Complez Systems,
janjing Normal University, Nanjing 210025, P. R. Chin

Recently, the experimental results of LHCb Collaboration suggested the existence of five new
excited states of 07, 2:(3000)°, Q:(3050)°, ©2.(3066)°, 2:(3090)" and 0:(3119)°, the quantum
numbers of these new particles are not dcmmmcd now. To understand the nature of the states, a
dynamical calculation of 5-quark systems with quantum numbers 1J”

Z:K are possible the candidates of these new particles. The

distances betwoen quark pairs suggest that the nature of pentaquark states.

Narrow pentaquarks as diquark-diquark-antiquark
systems

V.V. Anisovich*, M.A. Matveev*, J. Nyiri*, A.N. Semenova™,

June 6, 2017

* Petersbury Nuclear Physics Institute of National Research Centre "Kurchatov Institute”,
Gatchina, 188300, Russia

*Institute for Particle and Nuclear Physics, Wigner RCP, Budapest 1121, Hungary

Abstract

The diquark-diquark-antiquark model describes states both in terms of
quarks and hadrons. The latest LHCb data for pentaquarks with open charm emphasize
the i of hadron in the structure of We discuss pen-
taquark states with hidden charm P(ecuud) and those with open charm P(iussc) which
were discovered recently in LHCb data (J/¥p and spectra correspondingly). Con-
sidering the observed states as members of the lowest (s-wave) multiplet we discuss the
mass splitting of states and the dumping of their widths.

. Smoluchouski Institute of Physics, Jagicllonian University, Lojasiewicza 11, 30-348 Krakéw, Poland]]

The observed () resonances as pentaquark states

C. 8. Arﬂ and H. Chexﬂ
School of Physical Science and Technology, Southwest University,
Chongging 400715, People’s Republic of China
(Dated: May 25, 2017)

Abstract
In present work, we investigate the spectrum of several low-lying sscqg pentaquark configurations
employing the constituent quark model, within which the hyperfine interaction between quarks is
taken to be mediated by Goldstone boson exchange. Our numerical results show that four sscgq
configurations with J” = 1/2~ or J” = 3/2" lie at energies very close to the recently observed
five 00 states by LHCb collaboration, this indicates that the sscqg pentaquark configurations may

form sizable components of the observed Q2 resonances.

On a possibility of charmed exotica

Hyun-Chul Kim,*? Maxim V. Polyakov,>* and Michat Praszatowicz®
* Department of Physics, Inha University, Incheon 22212, Republic of Koref]
2School of Physics, Korea Institute for Advanced Study (KIAS), Seoul 02455, Republic of Korea
3Institut fiir Theoretische Physik II, Ruhr-Universitit Bochum, D-44780, Bochum, Germang]
* Petersburg Nuclear Physics Institute, Gatchina, St. Petersburg 188 300, Russia

We employ the chiral quark-soliton model to describe excited baryons with one heavy quark.
Identifying known charmed baryons with multiplets allowed by the model, we argue that apart
from regular excitations of the ground state multiplets, some of recently reported by the LHCh
collaboration narrow Q2 states, may to the exotic “This i can
be easily verified experimentally, since exotic 20 states — contrary to the regular excitations — form
isospin triplets, rather than singlets.
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r
EXCITED D g, MESONS

ﬁD*so(2317) and D_,(2460): \

» Search for new decays modes

» Production studies (e.g. D;(2460) =D, y production cross-section)
» Studies from BY, decays (e.g. B, > D, 0 ")

» Determination of D*,;(2317) (and D.*) spin-parity

» Measurement of BR

\ > Search for D*.,(2317)° D, m* /

L L B B B B L L B
2500 —

Decay Channel D;;(2317)*F D31(2460) é D* D!y LHCb 7

DI xn” Seen Forbidden T 0 ) ) Unofficial

Di~ Forbidden Seen g = B

DFn’y (a) Allowed Allowed g i D,,(2460)" — D’ 7
D;(2112)*x" Forbidden Seen Pty e s ]
Dz ;(2317) — Allowed ook

DFn°xn° Forbidden Allowed i

DF~y (a) Allowed Allowed 500~ 3
D;(2112) Allowed Allowed ¥ 1

Dintm— Forbidden Seen Rt~ Biob 4206 #a08~Bact 53064806~ #700

m(D’y) [MeV/c?]
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I' EXCITED Q°:
DETERMINATION OF SPIN-PARITY JF

Study of Q_** in fully reconstructed decays: (e.g.) Q, >=. K~ 11"

The decays Q,~>Q . (> pKKTr) 11~ already observed.
Same number and type of tracks in the final state

[Phys. Rev. D 93 (2016) 092007]

S [ LHCb — Full fit
> - o -
— g 30— — Q- QT
u S I 63 - 9 ! Q- Qp
II Z r @) | Q2 comb.
d 3 29 Q- QXK
© | C
g W o, 0%
b 2 C S Q, comb.
O

Q,- . Q0

MML

L 1 | 1 1
5800 6000 6200 6400
) [MeV/c?]
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r
SUMMARY

&bservations of new states \

challenge our current
understanding of QCD and the
validity of the HQET assumptions

» Interplay between light and heavy
quark spectroscopy: (e.g.) the poor
knowledge of N*, A* baryons has a
large impact

» Sinergy with the theoretical
community to improve models in
amplitude analyses

Exotic
Spectroscopy

Heavy Flavor
Spectroscopy

Light Flavor
Spectroscopy

The LHC experiments will go under major upgrade in the next years, while
Belle II will be starting taking data. PANDA, J-PARC, JLab and other
hadron facilities will play an importat role as well.
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r
RELEVANCE OF THE WIDTH

[> The width might be sensitive to the model and internal structure]

I'(D41(2460)" — DY) (keV)

_ " PRD 68 (2003) 054024 51.5
PRD 69 (2004) 114008 32
PRD 73 (2006) 034004 35 — 51
_ PRD 73 (2006) 054012 35
CS 9 PLB 568 (2003) 254 ~ 10
EPJC 47 (2006) 445 1.86 — 4.42
PLB 570 (2003) 180 T+1
S~ arXiv:1406.5804 0.0+ 2.1
Moleeule S~ PRD 76 (2007) 014005/8 50.1 _ 79.2
EPJA (2014) 50 78 + 14

N.B. I'(D,1(2460)" — D*7%) /Tror = (48 £11)%
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3-BODY DECAY WITH SPINLESS DAUGHTERS

py. 1y
, 11
P, M ( X: Pz M2 3 four-vectors 12

P3. 13 4-momentum 4
conservation
3 masses
Eul
i 1 1 ]/\/l]2dm2 . 3 Euler angles
(27r)3 32M3 12751523 TOT 2
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I
DALITZ PLOT

1 1 —=

“I visualize geometry better than numbers.

The scatter plot m;,* vs m,,° is
usually called Dalitz plot

|IM|? = Const = Dalitz uniformly populated
Nonuniformity = Information on | M]|?

— 0_0_0 — 0
pp — T J/Y =i DY 5 ptp— 7t
E 3 V’:\ 3 B T T T T T T T T T T T T T T
P N LHCb 140
[
E N (@
E N § 120
2 % 6; ) 100
©} ' I 80
‘e Tl
1 NE/ L 60
S - 40
L ‘ 20
® 0 1 2 3 0 mav - OO — i — é — é 0
m*(n’n’) / GeV m2(n+n°) (GeV. /02)2 m2(7t+7t0) [GeVz/c 4
54
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EXCITED Dg STATES: INCLUSIVE ANALYSIS

[LHCb: JHEP 10 (2012) 151]

LHCb collaboration has confirmed 2 broad states decaying to DK:
D,,*(2700)* & D_;*(2860)*

N D,*2573) e 1 o |
> 6000 - > i
g ) gaoooo
wn v L
3 B20000F |
2 2000 y -
8 [ 1 Them ) 3 i
ol . . —1 obet - i . . .
25 3 25 3
D m(D+Kg) eVic’] D" m(DOK+) GeVi/c?
' LHCb [
% l?s1*(2700) ] " 2000
2 D,*(2860) |1 2 |
0 i 0 [
: = W g o
E 3
= = '
S S oF

3
D" m(D-l— Kg)FeV/cﬁ
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I
EXCITED D; STATES

[LHCb, JHEP 09 (2013) 145]

(> The quark model predicts many excited )

arsm . > D
states in limited mass regions 05 gl —
» Ground and 1P states well established O, =P ez mmy - R0 i e
» BaBar collaboration found 4 new states A6l o 13*225685(? --------------- h
decaying to D and/or D*n. Need to be § F ey AR e
\_ confirmed. [PRDS82 (2010)111101] ) - .o
2 4 __ ‘v by p : |
LHCb: Inclusive study of D*(= Kmomo)mr, D%(=> Kmn* and 22 il Aper
D**m. Several millions of D’s in 1 fb-! i ’
2 T T"*" """" Godfrey, Isgur [PRD 32 , 189 (1985)] | Dr
c ~N i — — -Di Pierro, Eichten [PRD 64 (2001) 114004] |
» Natural spin-parity states (J* = 0%, 1-, 2,3 o’ v ® Observed
...) can decay to D and D*m 2§+1LJ 's, s, 'p, %P, 'P, °P, 'D, D, 'D, °D,
> Unnatural spin-parity states (J*¥ =0, 1%, 2- .
N N ’ » <o 7, 1/2 1/2 1/2 1/2 3/2 3/2 3/2 3/2 5/2 5/2
g 3*...) can decay D*m ) PO T o T T 2 o3
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D

*)x Mass Spectra

How to fit? How many resonances?

30000 -

Candidates / (4 MeV)

220000

10000

200 — 2800
M(D*r) ID ) [MeV]

T———

; I 1

250000 (2) ﬁiﬁiiﬁ
L m'.

N L S .

S L :

8600001 ¢ \ - -

E -

2 /o

840000} * : -

20000 .
0 [ ORI SN (RSN SN S SR NS ST W TR S ST S S S S—
2000 2200 2400 2600 2800

M(Dn) P

(D') [MeV]

: Natural states + Feed-down of states in D*n

> D*m: Natural + Unnatural states
> Do

]

\_

> Fitting the D*m1 spectrum first
> Helicity angle 3 used to study the
natural/unnatural component:

v« sin29 for natural spin-parity

v’ &« 1+hcos2d for unnatural spin-parity )

\
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rD*+7t' Mass Fit

_p_Ste 1 10000 FF ™ T T T T T T T wwf

lcos 9| > 0.75 | %

[LHCb, JHEP 09 (2013) 145]

500 -1

enhances unnatural component S i
(residual natural component ~9%) s 0
<t -
=~ 2200 24.00 26‘00 28.00 30.00
$ 5000
<
=
Natural Unnatural S
S
O 1 >I 1 1 L 1 L 1 1
2200 2400 2600 2800 3000
8 0‘6 VO‘A '0‘2 0‘ 0‘2 O‘A 0‘6 08 -1 -08 '0‘6 VO‘A '0‘2 0‘ 0‘2 O‘A 0‘6 0.8 m(D*+TC-) [MeV]
cos 9 cos 9

D,(2420)° + 3 unnatural states
D,(2580), D,(2740), D,(3000)
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rD*+7t' Mass Fit

[LHCb, JHEP 09 (2013) 145]

Step 2
4 ) e —
|cos 91<0.5
enhances natural component 10000
Parameters of the unnatural states E
from Step 1 NJ
\ p ) : 2200 24‘00 2660 2860 30‘00
Q
S 5000
Natural Unnatural = i LHCb
F [ L — \ L i --------
2200 2400 2600 2800 3000
04 02 0 02 04 06 08 -1 -08 -06 0.6 m(D*+TE-) [MeV]
cos 9 cos 9
4 )

D,*(2460)° + unnatural states + 2 more natural states:

D,*(2650), D, (2760
g ;/(2650), D;"(2760) )
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I
D**n- Mass Fit

Step 3

[LHCb, JHEP 09 (2013) 145]

Natural Unnatural

( N\ f
> Parameters of all states fixed from Step 1&2 | -
> Fit performed in bins of cos & to verify

angular distributions )

68708 0402062764 66 08 768 0676462 062 64 66 08

cos 9 cos 9

D,(2420) D,*(2460) D,*(2650) D,"(2760) D;(2580) D;(2740) D;(3000)

Unnatural Natural Natural Natural Unnatural Unnatural Unnatura[l
~ 80000 ~ 25000 ~ 16000 7~ 4000 ~ F A3 ~ 500
% LHCb % LHCb T 1400 LHCb 4 3500k LHCb : | LHCh | 1 LHCH 2 LHCh
& ook (@) D,(2420)° 1 2 20000f (b) D (2460)" 138 12000k @D (2650) 1 8 s000f (b) D (2760) E"m [: @D,2580) 1 (b) D (2740) g woof (¢) D,(3000) ]
Z Z 2 =] L 3 <] S H Bh ] E]
% % 2 8 ; | + ,+’. 2000F c
15000 1 % 10000f +- E ool 1o 1] . f 3000f ]
40000 8000 | + F + + K 3 +
10000 ] 6000f 5/ A E + i ool F 2000p" L ¥ +
20000 E 4000 E 000 p AT 4 - +f 4T
5000 ] "‘-++~~ - 4. f 1000f ]
- 2000F + . & N\ ++ _L + 4_
0 L L L 0 L L L 0 L L L 1 1 1 ® 1 1 1 1 1
05 0 05 1 05 0 05 1 T 05 0 05 1 05 0 05 1 | 1 | i
cosy cosOy cosOy cosOy cosOy costy costy,
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Cross-feeds estimated from states
appearing in the D*m spectrum

/ﬁu}
4000

2000

60000

0

40000

Candidates / (4 MeV)

20000

60000

40000

Candidates / (4 MeV)

20000

Dx*/D*n- Mass Spectra %

[LHCb, JHEP 09 (2013) 145]

| L L l L
2200 2400 2600 28‘00 ‘ ‘ 30‘00 ‘ 2200 2400 2600 2800 3000
m(D’1*) [MeV] m(D*r) [MeV]
Resonance | Final state Mass (MeV) Width (MeV) Yields x103 Signif (o)
2 more natural states: D1(2420)° | D*Fx~ | 2419.6 £0.1+ 0.7 | 352 £0.4+ 0.9 | 210.2 £ 1.9+ 0.7
D3(2460)° | D*tr~ | 24604 £0.4+ 1.2 | 432412430 | 81.9+1.2+ 0.9
* 0 * + D*(2650)° | D*tm~ | 2649.2 £3.5+ 3.5 | 140.2 £17.14 18.6 | 50.7 £2.2+ 23 24.5
D;7(3000)°% D;"(3000) D*(2760)° | D**x— | 2761.1 £5.14 6.5 | 74.4 £34+37.0 | 144+ 1.7+ 1.7 10.2
D;(2580)° | D*tm~ | 2579.5 3.4+ 5.5 | 177.5 £17.84 46.0 | 60.3 +3.1+ 3.4 18.8
D;(2740)° | D*ta— | 2737.0 £3.54+11.2 | 732 +£134+250 | 7.7 +£1.1+ 1.2 7.2
D;(3000)° | D**tx— | 2971.8 +8.7 188.1 +44.8 95+ 1.1 9.0
Study of D® om0r | D
tudy o m spectrum D3 (2460) DFr 24604 £0.1+ 0.1 | 456 £04+1.1 | 6750 9.0+ 1.3
: D%(2760)° |  Dtx~ | 2760.1 £1.14£ 3.7 | 7444344191 | 558 £1.3+100 | 17.3
from B decays required to D*(3000° |  Dtx— | 3008.1 £4.0 110.5 £11.5 17.6 £ 1.1 21.2
determine spin-parity D:(2460)F |  DUxt | 2463.1 0.2+ 0.6 | 486 1.3+ 1.9 | 341.6 £22.0+ 2.0
D*(2760)" | DOzt | 27717 £1.7+ 3.8 | 66.7 £6.6+£10.5 | 20.1 £2.2+ 1.0 18.8
D*(3000)* | DOrt 3008.1(fixed) 110.5 (fixed) 76412 6.6

18 April 2018
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MODELS FOR TETRA- AND PENTA-QUARKS

. 'q) “plain”

diquark
model

hydro-charmonium
model

molecular
model
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r
THE X(3872) STATE

[Belle: PRL 91, 262001 (2003)]

ﬁ)iscovered in 2003 by the Belle collaboration in tha 200 [ E_ ~
B — KX (3872) decay where X (3872) — J/¢mtn— 3 | 18
S ol 18
® Mass is roughly equal to m(D°) + m(D*?) % > 1S
® Width is surprisingly narrow (< 1.2 MeV) g F N ] g +
L duction rate in pp collisi oludect=n7 ] " [T AT Y
\_ ® Large production rate in pp collisions Y, s o 1a0 47980 338 a3 s

M(x*T1'T) - M(I'T) (GeV)

LHC experiments are largely contributing to shed light on the nature of the X(3872) state

> Determination of the quantum numbers J¥C = 1+ [PRL110 222001 (2013)][PRD92 011102 (201\5)}‘
» Measurement of B(X(3872)=>p(2S) Y)/B(X(3872)>J/P Y) [Nucl.Phys.B886 (2014) 665]

BR(X(3872) — ¥(25)y) _ 5 R .5 2 (150 unre molecule scenario

BR(X (3872) — J /1) disfavored
» Precise mass measurement [EPJC 72 (2012) 1972] [JHEP 06 (2013) 065 ]

. Loosely bound in the
Ep = m(D°) + m(D*) —m(X(3872)) = 3+ 192keV /c* mmp = -~ 1 conario

» Production cross-section in pp collisions at Vs = 7 TeV [EPJC 72 (2012) 1972,]
» Search for new decay modes (e.g. X(3872) 2Pp) [arXiv: 1607.06446]

B(BT—X(3872)KT)xB(X (3872 b B
\_ PCarA U e < 0.25 x 1072 @ 95% CL y
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I
EXCITED D; STATES

[LHCb, JHEP 09 (2013) 145] [LHCb, JHEP 10 (2012) 151]

/%> The quark model predicts many excited ) 3000 Duizeen & E {§§f§;’ 51
states in limited mass regions 0 — i T Da'(e074) 2
> Ground and 1P states well established gzsoo Dt 0 gz
> BaBar collaboration has recently found 4 é :gig%ggg()» r

new states decaying to D and/or D*m.
\_ Need to be confirmed. [PRD82 (2010)111101] ) 2000

_ D*2023) T
- D(1864) O

[Godfrey&Isgur, PRD32 (1985) 189]
1S 2S 1D 1P 1F

[LHCb: Inclusive study of D*(=2 Koo, D°(2> Koo' and D**r. Several millions of D’s in 1 fb-!

> Unnatural spin-parity states (J*¥ =0, 1%, 2-, 3*...) can decay D*n

U

(> Dn spectrum: natural spin-parity states + cross-feed of all states (expect 0Y)>D*n

» D*m spectrum: all states (expect 0%). But different angular distribution (3= Helicity angle)
v « sin29 for natural spin-parity
v o« 1+hcos?d for unnatural spin-parity

\_ v" Natural/Unnatural component can be enhanced with an ad hoc requirement on 9}(

[> Natural spin-parity states (J* = 0%, 1-, 2+,3...) can decay to D and D*n]

~
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I rHCh

D*xr Mass Spectrum LHCD

[LHCb, JHEP 09 (2013) 145] [LHCb, JHEP 10 (2012) 151]

10000

2 \100007
> |cos 31<0.5 enhances I
natural component
1 |» Parameters of the 5000
unnatural states are I

\_ fixed from Step 1 )

1

cos 3| > 0.75 enhances

unnatural component
(residual natural
component ~9%)

000 —

oLl ey

2200 .2400. 26IOO 2800‘ . .3000. — O22‘00 ‘5400 2660 28‘00 ‘ ‘3000‘
m(D"'7) [MeV] m(D"1) [MeV]
%
D,(2420)° + 3 unnatural states: D,’(2460)° + unnatural states +
2 more natural states:
D;(2580), D;(2740), D;(3000) D,*(2650), D,*(2760)
: » Parameters of all states fixed from Step 1&2
> Fit performed in bins of cos 3 to verify angular distributions
D,(2420) D,*(2420) D,*(2650) D,*(2760) D,(2580)  D,(2740)  D,;(3000)
Unnatural Natural Natural Natural Unnatural Unnatural Unnatural
égwmm 1;?522420?7 ] ;gmoo, ;Ti?am)“ ] Ei;ﬁggi (L:;::(%SO)O ﬂé ;S)ZE : (L;CDb;(2760)° B ;élsooo (Lal;gizss()) ‘ ;é {B[){IC)?(2740> ;é.moo (Lcl;[g?(aoom ]
& 5 15000 A 12 oo} Z s R + + " + ; s000H ]
kS 4 ; kS 10000 %% ;] \ b
AOOOOKX/ 10000 E Zggg : ,,,,,,, + ,,,,,,,, : ngg + 77777777777 : -F, + ,Ooof‘t K ’ 1 2000-+‘ ﬁ&»++
20000 i soo0| L ] ;zzg: + . ) + : 1222; : 5000 +{_ 4 : - o ook A ] ]
0 ‘ : ‘ 0 ‘ : ‘ 0 L : 0 ’Lw SN ..++. -l- :+ L .4‘. .
-1 05 0 0.5 Cose”l -1 0.5 0 0.5 Cosenl -1 05 0 O‘SCOSOHI -1 -0.5 0 O‘SCOSQHI 05 0 05 Cme"l ‘05 0 05 Cose"l -1 05 0 05 cosenl
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Cross-feeds estimated from states
appearing in the D*m spectrum

N\

60000

40000

Candidates / (4 MeV)

20000

2200

2400

T 6000

4000

2600

L
2800

2 more natural states:

D,*(3000)°, D,*(3000)*

Study of D™ spectrum
from B decays needed to
establish spin-parity

18 April 2018

Dx*/D*n- Mass Spectra %

[LHCb, JHEP 09 (2013) 145] [LHCb, JHEP 10 (2012) 151]

] (o}
1 60000 o
>
=
< 40000
i
2
'g
S 20000
o L TN N
3000 2200 2400 2600 2800 3000
m(D’*) [MeV] m(D*r) [MeV]
Resonance | Final state Mass (MeV) Width (MeV) Yields x103 Signif (o)
Dy (2420)0 Dt~ 2419.6 +0.14+ 0.7 35.24+04+0.9 2102 £19+£ 0.7
D3(2460)° D*tg— 2460.4 £0.4+ 1.2 432 +1.2+ 3.0 81.9+1.2+£0.9
Di’}(2650)0 D*tg~ 2649.2 £3.5+ 3.5 | 140.2 £17.1+ 18.6 50.7 £2.2+ 23 24.5
D*(2760)° D*tg~ 2761.1 £5.1£ 6.5 744 £3.4+ 37.0 144 +£1.74+ 1.7 10.2
D ;(2580)° D*tr— 2579.5 £3.4+ 5.5 | 177.5 £17.8+ 46.0 60.3 £3.1+ 3.4 18.8
D ;(2740)° D*tg~ 2737.0 £3.5£11.2 73.2 £13.4%+ 25.0 77+11+£1.2 7.2
D ;(3000)° D*tg— 2971.8 £8.7 188.1 +44.8 95 £1.1 9.0
D3 (2460)° Dt~ 2460.4 0.1+ 0.1 456 £04+£ 1.1 675.0 £9.0£ 1.3
Dj(2760)0 Dtr— 2760.1 1.1+ 3.7 74.4 + 3.4 +£19.1 55.8 £1.3 £ 10.0 17.3
Dj(SOOO)O Dt~ 3008.1 +£4.0 110.5 £11.5 176 £ 1.1 21.2
D3(2460) " DOz ™+ 2463.1 £0.24 0.6 48.6 1.3+ 1.9 341.6 £22.0+ 2.0
Dj}(2760)+ DOrt 27717 £1.7+ 3.8 66.7 + 6.6 =10.5 201 £22+1.0 18.8
D5(3000)* | DOxt 3008.1(fixed) 110.5 (fixed) 7.6 £1.2 6.6
T
M. Pappagallo 66



I

SPECTROSCOPY OF D**: INCLUSIVE ANALYSES

[LHCb: JHEP 09 (2013) 145]
Search for D™= D®n [Cross-feeds estimated from states]

observed in the D*m1 spectrum

i 60000 |-
S _oooor
§20000_ E
= = |
~ \\;40000
£ 10000 E i
o - © 20000
I PO '.:A iy WP S N ‘———Ag‘\“‘ R
22[00 24,00 2600 2800 30100 0 2200 2400 2600 2800 30‘00
. m(D™7) [MeV] - m(D’n*) [MeV]
m(D™n m(D%z*)
\Y
/ i ) 4 ) ) \
» Confirmation and observation of new excited states

> Precise measurement of masses and widths

» “Naturalness” determined by the distribution of helicity angle in the D*n

> New states can be interpreted as radial excitations (D(2S) and D*(2S)) and
orbital L=2 excitations (Dy(1D) and D,*(1D))

\ > Studies in B decays required for determining spin-parity -/
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(GROUND STATES

| SU(4) Multiplets |

JP=1/2*

j=0* JP=1/2*

N.B. Q.° doesn’t belong to
the same multiplet of the
well famous Q-

18 April 2018
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Credit: M. Pennington
AIP Conf.Proc. 1432 (2012) 176-184

-WAVE STATES

5;1=0A)—>»6p(S) —> ji=1: Z,(2,2) Eq(z,7) Qa(z,7

L,=1(A)

_ ® leO: ACO (%7) E‘cO (%_)
L,=0
s;=1(8) —> 3§ (A) Ji=1 Ay (2,3) By (5,9)
3c(A) =20 Ao (3,7) Ep(i,9)
5;=0(A)—>»3p(A)—> ji=1: Ay (:,3) Eq(5,3)
1,=0(S . - - -
00 ® =0 T0 () EG() Qe (D)
S;=1(S)—>6F(S)<jzli Ta(,2) EJ(H,2) Qu(f,7
12020 (3,3) Ea(i.,7) Qu(i,.7

(1-a) [6,1,0,9]
(1-b) [35.,0,1,0]
(1-¢) [3p.1.1,0]
(1-d) [35.2,1,0]
(2-a) [35,1,0,1]
(2-b) [6F,0,1,/1]
(2-¢) [6F,1,1,/1]
(2-d) [65,2,1.4]

[Phys. Rev. D91 (2015) 054034]

[ For each j,,>0 2 doublet J¥ = Jog £1/2 ]

7 excited L = 1 Q,=» 5A-mode excited states

18 April 2018

D- wave: 14 excited L = 2 Q_=» 6A-mode excited states
M. Pappagallo
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The Inclusive E_F Sample

Candidates / (1 MeV)
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M. Pappagallo
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[arXiv:1703.04639]

Mass resolution: 6.8 MeV
Signal purity ~ 83%
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WHAT ARE THEY?

We have already seen the mass predictions but
what about the widths?

— S-wave

— P-wave

— D-wave

' ,. EK — Mg 1/2
S—wave : I' ~ 100 MeV x [W]

. | Ex —mg1%/?
P—wave : ' ~10MeV x [m] ;

| | Eyx — my 5/2
D—wave : ' ~10MeV x [m]

[G. Chiladze, A. Falk: PRD 56 (1997) R6738]

10

11 | 1 11 ‘ 111 ‘ 11 1 ‘ 11| ‘ 111 ‘ 11 1 I
0 20 40 60 80 100 120 140 160 180
m(E; K) - m(E) - m(K) [MeV/c?]

Only D-wave transitions
should return narrow states

18 April 2018

M. Pappagallo
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WHAT ARE THEY?

;35: . §\ - T T R
v34-  N_NgN E 5 400- LHCb ]
2 3 3 E Qco(2l’§zcl(2p§ld(2PQ o ﬁ ©@P) . 2 - +E N i
I | T~ _— - i e i
% - - %%7 & EAL o —~ B gl:jllclkﬁtround 7
< 3.2 _—.§"§______________94112»5,(1%(_1[9&2@4__:?(?’3:5D“ 2 300F - di i
C | < < s = = L eed-downs |
3-1Z—_§§g:::::::::::::::::::::::::::::::::f%v’,iﬁ 9 i Bl = sidebands 4
syt 777 el 777 bt 77 R o nn 3 i i
33_::::):::?‘.2:::::::::::::::::::Eg“};n C% 200— T
u Q, ] @) -
29k I . :
2.8F E I
F P : 100
2.72— = I
2'6L:SSPPPPPDDDDDD 0:
j,l 101122112233 3000 3100 3+209 3300
P Ir3 I3 35 1335t ST m(Z:K ) [MeV]

[ Q. can decay to = K by S-wave-> Broad ]

In the framework of HQET, J* and j , must be preserved during the strong decays of a state into another

18 April 2018 M. Pappagallo 72




r
WHAT ARE THEY?

— 3.5

> g _ ] g /; : T T | T T T :
LD 3 3 - Qco(2pﬁz.l(2f’§lcu(21’n 2 ] 2 B + 5K ]
hd I 2 1 — - =c .
vy DT E T 7% KK ~ - — Full fit .
| - Q- %%Zzi_ 0 —~ i --- Background
< 32 _____________________ (1D (109, (118, (1D =D A 300_ _|
- §§ RS B Q Feed-downs
I NN | NN [ Jd=E* K — L _
3-1Z—_§§g:::::::::::::::::::::::::::::::::i%&’,iﬁ 3 i B =C sidebands -
C_| DFQS[ZZIA = = TR = = [T} = = = = m e e e 14 o= - -
F 0.0 ] ? —— 1Fnm o L ]
3;_::(::):::?f:::::::::::::::::::?__?'I?TE LC)% 200_— ]
29F R = i
A | | E :
F 7 : 100
2.7 m = I
2.6t !
LSSPPPPPDDDDDD 0
j,l 101122112233 3000 3100 3200 3300
J 0 S S G N I S U L S i L m(Z.K ) [MeV]

[ Q.’s CAN’T decay to = K ]

N.B. Q.;’s could decay to =K (if masses above the =.’K threshold)
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WHAT ARE THEY?

— 3.5

> g ] ] _ g ;\ : T T T T T T :
834F NNy s 2 400 LHCb -
~ 3 3:_ Qco(anl(zmlc,(ZPQd(z P()) ©P) __ = : +E:K7 :
o TR % %%7-§Ac“ = i — Full fit .
‘33.2_____ S o ___ 94D <mt.1(_1r94(_112_é__)‘f(1])_)t:1)“ 2] 300_ - Background |
Z§§__________________c_'_______f’c_ﬁ(lD_)___‘EC*K g L Feed-downs
3-1Z—§§g:::::::::::::::::::::::::::::::::?Ee’,iﬁ 9 i & sidsbands
s 777 Il 777 b 7/, R o e 3 i i
35_:5(:;:::?‘_2:::::::::::::::::::T__‘_g:‘}z” g 200_ _|
29k “ II . _
2.8F E I
P 7 . 100
2.7 m = I
2.65 I
LSSPPPPPDDDDDD 0
i 1101122112233 3000 3100 3200 3300
99 — -
J 0 S S G N I S U L S i L m(Z:K ) [MeV]

[ Q.,’s can decay to = K by D-wave > Narrow ]

In the framework of HQET, J* and j , must be preserved during the strong decays of a state into another
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WHAT ARE THEY?

— 3.5

>k | RS é > THeh
834F NNy : 2 400 LHCb -
—33F PR CIRACE oD E - I + 2K ]
o TR % %%7%“ = i — Full fit .
S32F S Jl%c,(mdum,m 77 _)f(iD_)—__ =p’ 2 300+ -~ Background |
E NN § ____________________________ 20D A= xk L L Feed-downs |
3-1Z—_§§g:::::::::::::::::::::::::::::::::iﬁe’,iﬁ 9 i Bl = sidebands 4
- QS """""""""" Onn "5 i i
35_ ...1::f::::::::::::::::::::?[?TE LC)% 200_— -
292‘" E :
2.8F E I
E P ] 1001~
2.7 m = I
2.6°F :
LSSPPPPPDDDDDD 0
j 1101122112233 3000 3100 3200 3300
J 0 S S G N I S U L S i L m(Z.K ) [MeV]

{ Q.(2S) and Q. (2S) can decay to =K and =.’K by P-wave - ~Broad ]

In the framework of HQET, J* and j , must be preserved during the strong decays of a state into another
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WHAT ARE THEY?

Most of the authors identified these states as the orbitally or radially excitations of
the QO baryon though they struggle to explain their narrowness and decay pattern

Q. 3/2°
— 35¢ E v G,
8 = 3 05t ED SV
33F o Q > —- .
O Tk o ”‘2‘” — 04 o — 32 E. K©)
7)) 32:_ Q .O(ID).Q (]D)Q (ID) > -—cK 3/2 -
S 31E—1Z::::::::::::::::::::::::::::(:2:(“:))911132—__55351)33’ S 2
E ’ %: gr(g)----::----::-::::::::::::::::::::__gggggﬁ — (0.3} _ — 12~
3 E‘Q@SJ --- W """""""""" 00 é 2. K
29F E hﬁ 0.2}
2.8F =
N 77 3 S
2.7 :— Q. = 0.1}
2'6L S S P P P P P DDDTD DD 32" .
jo1 1 0 1 1 2 2 1 1 2 2 3 3 1 ot e
gy rr 33 os oy oy oy or ’ -
2 2 2 2 2 2 2 2 2 2 2 2 2 .
Expt Lattice
But there are some exceptions.....
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Bg,(5830)° AND Bg,*(5840)°

» Two narrow peaks observed in the B'K- by CDF
> B, is the only narrow state expected. What is the
nature of the second signal?

PRL 100, 082001 (2008)

ey
o

jq JT  Allowed decay mode

w
o

©
>
D
=
B*K- B*K-  S%B,
o 1/2 07 yes no gzo_
B, 1/2 1* no yes Q- ” Al
By 3/2 1t no L iy W1 i
0 3/2 2t yes ' yes 2 L
5 M
©)

2

i 1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1
5|0 100 150 200
m(BK)-m(B")-M, . [MeV/c®]

[ It is interpreted as a feed-down of the B,;2>B**K- decay J

followed by B™* >B* y, where the photon is not observed
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B81(583O)° AND BSZ*(5840)0

~ 1000 — m— .
N - LHCb Bsz—>BK 500 .
o 800 ]
> - i
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s 200 — e A
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jq JT  Allowed decay mode
B*K~ B*' K-
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L no yes
Bs 3/2 17 no es
3/2 27 yes yes
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LHCb GOING TO UPGRADE IN 2018

design 2012

[
-

/> Main limitation that prevents exploiting \ 4

% 22; |¥ B,—oJ:vo [
higher luminosity with the present detector St m B
1s the Level-0 (hardware) trigger g: o 5 DX
v' — Level-0 output rate < 1 MHz (readout Y.

rate) requires raising thresholds
» This is particularly problematic for
\ hadronic final states /

D om---- -

1 15 25 3 s 45 5

Luminosity [x10 ¥em2s )

LHC era HL-LHC era

Run1l Run 2 Run 3 Run 4
(2010-12) | (2015-18) (2020-22) (2025-28)

3 fb? 23 fb? 46 fbt 100 fb

LHCb upgrade

Running at 2x1023 em™ s with full software trigger, running at 40 MHz and
record 20 kHz
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