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Standard and Exotic Hadrons

Mesons and baryons with other than gg or gqqg configurations are not
forbidden by QCD (as long as they remain colour-less)

Standard Hadrons Exotic Hadrons
Meson Baryon

Their possibility admitted as early as the quark model was introduced
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A simpler and more elegant scheme can be G. Zwelg
constructed if we allow non-integral values for the CERN~--Geneva
charges. We can dispense entirely with the basic
baryon b if we assign to the triplet t the following *) yersion I ie GERN I SRR, T9, T Ak
properties: spin 3, z = -}, and baryon number . ) ohpsed & 48 BERREA wkOly 92k The 10l
We then refer to the members u3i, d-3, and s-3 of 6 .
In general, we would expect that baryons are built not only from the product
the triplet as "quarks" 6) g and the members of the . ; - e o e d o a o
anti-trinlet as ti,,qug C_I- Ba_'[-yons can now be of three aces, AAA, Dbut also from AAAAA, AMAAMAA, etc,, where A
constructed from quarks by using the combinations denotes an anti-ace. Similarly, mesons could be forred from I.A. AAAL

(aqq), (aqqaq)] ete., while mesons are made out
of (gq), (qqgq),| etc. It is assuming that the lowest ol
baryon configurdtion (qqq) gives just the represen- vossibilities. AA and AMA. that is. "deuces and treys".
tations 1, 8, and 10 that have been observed, while

etca For the low mass mescns and baryons we will assumé the simplest

— no undisputed evidence yet in light hadrons
INFN HCh —
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Exotic hadrons with heavy quarks

W03 T ——— __ X(3872) observed at Belle

X (3872) confirmed at D0, CDF
X(3915) [as ¥'(3940)] observed at Belle

o | Y (4260) ohserved at BaBar
xez(2P) |as Z(3930)] observed at Belle .
2005 ¥ (4260) confirmed st CLEO-c in the past decade a pletora of new
X (3940), Y (4008), Y (4660) observed at Belle i _ —
¥ (4360) observed at BaBar
- e states with constituent heavy QQ
X(3915) [as Y (3940)] confirmed at BaBar . . .
X (3940) confirmed at Balle which is their structure?
2007 Z*(4050), X (4160), Z=(4250), Z*(4430), X (4630)
obeerved at Belle
Y (4140) observed at CDF “plain”
— X (3915), X (4350), Y;(10888) chserved at Belle
xe2(2P) [as Z(3930)] confirmed at BaBar
Y (4274) observed at CDF
005 — X (3915) confirmed at BaBar
Z5(10610)* observed and confirmed at Belle : -
ZE,EIDEE'U]* observed and confirmed at Belle dlquark trlquark
2010 - X (3823) [likely v=(1D)], Z5(10610)" observed and co model model

Z.(3000)%, Z_(4020)* obsorved ar BESIII
Z:(3900)*= confirmed at Belle

Z.(3000)° observed at CLEO-¢

Z.(4020)" observed at BESIII

¥ (4140) confirmed at D0, CMS

¥ (4274) confirmed at CMS

Y (4660) confirmed at BaBar

Z.(4020)* confirmed at BESIII

Z*(4200) observed at Belle

Z£*({4240) observed at LHCh

Z%(4430) confirmed at LHCh

X (3823) [likely v=(2D)], Z.(3900)°, Z.(4020)° confir
Z.(4055)% observed at Belle

¥ (4230) observed at BESIII

Pr{4380), P(4450) observed at LHCh
¥;(10888) no longer observed at Belle

X (5568)* observed at DO

X (5568)* NOT observed at LHCb
¥(4140), ¥ [4274) confirmed at LHCh

X (4500}, X (4700) observed at LHCb

~ ) Lebed et al, arXiv:1610.04528
C. Patrignani GHP17 — Feb. 1-3, Washington, D.C 3 SIAN
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The "XYX" zoo

Some of these states appear close to some

thresholds

State T2

Process (mode) P D G 1 6

B — K (xtxJ/¥)
pp— (wta— J/) + ...
B — K (wJ/v)

B — K (D*D°)

B — K (vJ/¥)

X(3872) 111

B — K (79(25))

pp— (nta /) + ...
Z:(3900) 11~ Y (4260) — 7~ (xtJ /1)
Y (4260) — 70 (x0J /1)

Y (4260) — =~ (DD*)*
Y (4260) — 7°(DD*)°
Z:(4020) 11~ Y (4260, 4360) — 7~ (7 he)
Y (4260, 4360) — 7°(7°h,)
Y (4260) — n~(D*D*)*
Y (4260) — =°(D*D*)°
Z,(10610) 1t~ T(10860) — 7 (7Y (1S,285,3S))
T(10860) — (7w hy (1P, 2P))
Y(10860) — w0(x?T(15, 25, 35))
T(10860) — n~ (BB*)*
Zy(10650) 1T~ T(10860) — 7~ (7T (15,285, 35))
T(10860) — 7w~ (7 hy (1P, 2P))
T(10860) — =~ (B*B*)*

but not all

State ¢ Process (mode) P D G 1 6

X(3015) of2"F B — K (wJ )
ete” — ete wliy

xeal2P) rHt e*e_ —ete=(DD)

X (3940) 97t -y T {Dﬁ’ )

ete” — Jig(...)

¥ (4008) e ete”™ — y(rtx~ an"}

Zy(4050)F ? B —K(rtxa(1P))

Y (4140) 97+ BY — Kt (oJ /)
ete” —ete™ (@ f4fr)

X (4160) i ete™ — Jjy (DD")

Ze(4z00)t 1t BY — K~ (JfyxT)

Za(az250)" ? B~ K (rtxa(1P))

Y (4260) ete” — "y{rr"".'r_.f'."!_f.'}
ete” — (xt=x—J/g)
ete™ — (x0x0T /)

ete” — ( fo{9s80)J /)
ete™ — (w~ Ze(3000)T)
ete™ — (v X (3872))

Y (4274) 9 Bt — KH(¢J/e)

X(43s0) o2t ete™ —ete™ (dJ /)

¥ (4360) | g ete™ —q(xta"4{25))

Z{aaan)t 1t BY — K (=ty{28))
B — (Jfmt)K~

X (4830) = ete” — y(ATAZ)

¥ (4660) 177 efe” —yixTa¢(25))

T(os60) 177 ete — (B)B{)(m)

ete”™ — (mnT(15,28,35))
ete” — (fp(980)T(15))
e+e_ — (7 Zp( 10610, 10650))
ete” — (nT(15,28))
ete™ — (xTx~T(1D))
ete™ — (ata hy(1P,2P))
TOMWeE) 1~ ete — :Bg}f’B[{;;[-rﬂ

ete” — (wxT(18,285,35))
ete™ — (T a " hy(1P, 2P))
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Exotic or not?

How can you tell if a state is exotic?
not easy and not always straightforward!

Manifestly exotic " Cryptoexotic”
@ quantum numbers not allowed @ mass/width not fitting in
for gg’ or gq’q" meson or baryon spectra
@ > 3 valence quarks required @ overpopulation of the spectra
@ production or decay properties
Undisputed incompatible with standard
mesons/baryons

(but many possible exotic states

would not fit) ...endless disputes..

Many of these states observed in B-meson decays
— copiously produced at hadron machines

| will not discuss states only studied at B-factories or e" e~ machines:

PN see B. Fulsom’s talk at APS, session K10

| INFN LHCD —
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LHC

LHC provides collisions of high-luminosity and high-energy beams of

protons and heavy ions
High Luminosity

@ two general-purpose experiments:
CMS and ATLAS

RF
@ one experiment dedicated to

heavy-ions: ALICE

@ one experiment dedicated to
flavour physics: LHCb

Octant3 7

SESESSSST
CERN
-5 ATLAS ALICE

' E Point 1 =iz Point 2
" LN 1

High Luminosity

Run 1: /s =7+8TeV Run 2: /s =13TeV
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The LHC experiments

: (L]
M5

15 20
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The X (3872)

PRL 91 (2003) 262001

[ %]
(5]

- BELLE

(]
o

Discovered by Belle as a narrow peak in J/yntm
invariant mass in BT — (J/¢Y7t7~)K™ decays.

N
o

T T

e
o

Events / (0.005 GeV)

Well above open charm threshold

i

82 384 386 388 3.9 392

M(J/ y m) (GeV)

w® (&)

... yet very narrow: [ < 1.2 MeV

— mass amazingly close to the DY — D*? threshold

loosely bound D — D* molecule?
— radiative decays to Jyy = C = +
— JWp ™ compatible with J/i) p, yet significant Japntn— 70 (Jpw)

I-spin violation?

Extremely difficult to identify as a conventional charmonium state, but

some of its properties look like charmonium

| INFN HCh —
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X(3872) production in pp and pp collisions

Origin from B decays or primary interaction (" prompt”)? Compare to cC

- - - JHEPO4 (2013) 154
pp collisions (Tevatron): (2013)
x10° .
PRL 93(2004)07200 > b T e e 1
= 100 |+ 10<p, <50 GeV b = -
3000TCDF Il 1200 g C ‘ Iyl < 1:2 - L
1300 - . 0 80 --signal —
pp collisions (LHC): e S ]
o 1100 = r ;:‘ : , 1
> 20007 1000 g 60~ | b ]
2 900 (&) C [ ‘ £ ]
21500 40 T E 1 ]
g L 4 _L‘__ © 375 s ims &9 3_??6 V]‘ ]
5 ] B mil'y 7%} [Ge' ]
81000 20_;-""1:' : n"\ﬁﬁ—
Ny EPJ C 72 (2012) 1972 2 -
,“/ | IS N, SEPTE, RO . 0 ORI
o 3.6 3.7 3.8 39 ] 4
3.65 3.70 3.75 3.80 3.85 3.90 3.95 4.00 m(J/y m*) [GeV]
Jhynn Mass (GeVic?)
PRL 93 (2004)162002 arXiv:1610.09303
= 0 @%}
NQ 800-DQ@ X(3872) w ) 0.20~ i 3245*.—.—10’ !X\I!T,ﬁNST
S ¢ = C ) T g A
g L <t =Fit :'22- g :
F ~ r —X@872 8ig g, [ ]
= 600_* i 0.15 —y(29) Sig ézo .
; L & © C ==Background § 18= i i ]
2 - 3 . o §e) L ]
=
B 400 2 0 My Mevic % 0:i10F
© i 2 o L
g i 5 = L
© 200- 3 t 0.05
: 2% 3 31 3223 E- :
o | M, (GeVic) 2 r
[ e s oo L , P e S M
06 0.7 0.8 0.9 1 0.00
premw M, (GeV/C?) 3.7 3.8 3.9

mJyrT) [GeV]

prompt production rate too large for purely molecular state

LHCH —
C. Patrignani GHP17 — Feb. 1-3, Washington, D.C 9 \2



Determination of the X(3872) quantum numbers

CDF PRL 98 (2007) 132002 , Belle PRD 85 (2012) 052003 , BABAR PRD 82 (2010) 011101

JPC

1D angular distribution — all assighments excluded except 171 or 27+

§1200'— 20 v(s) ﬂ | 7o X872
i 2 F {60
5D angular analysis of = 1000f- {50
+ + + + 3 wof fao
B™ — K"X(3872) - K" Jyn'n J: "
£ 4o0f " ,
3 LH(C:b 750 800
Angular correlations in the B™ decay G- =
chain carry information on the J*¢ of 0 JBOO T RETT R Ty YRy
the X(3872) M(ztmJiy) - M(J/y) [MeV]

2 = (COS 9)(, COos 671'7r7 A¢X,Wﬁa COs QJ/zpa Ang,J/l,b)

Matrix elements in the helicity
formalism
JPC — 1+-|—

LHCH —
D

C. Patrignani GHP17 — Feb. 1-3, Washington, D.C



X(3872) radiative decays

Predictions:

B((2S5)y) =~ 0 for purely
molecular state

inconclusive results from
B-factories

PRL 102(2009) 132001

PRL 107 (2011) 091803

X(3872) - W(2S)y:

X(3872) - Y(2S)y:

T TT

—TTT

Events / (5 MeV/c?)

38 385 39 305 Q7558385 59 3952
my (GeV/c’) M, (z5), (GeVic))
Ry, — BORE872) 2 W2O)Y) 46 4 64 4 0.9
. 1_1)'Y — —_— L. < .
WO NN NP B886 (2014) 665 BX(3872) — JAbY) Pat
; BaBar 2009
— .
? ¢ Belle 2011 |
E LHC
g predictions for pure X _ (2P) state
Mhyp(28)yK+ flaevic : : X
~ “FN=36.4%9.0 .
= £ LHCh s prediction for pure DD* model
30 L7 B
% L } _ predictions for admixture of x_,(2P) and DD*
@ 20— X(3872) - p(23)y : AT O A
ik . ! I | o L
5 F 0 1 2 3 4 5 6 R 7
0 52 39 e Py
My (28)y GeV /et [‘IC
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X(3872) — pp?
B(X(3872) — pp): predictions for regular charmonia larger (usually) than for
other interpretations
Prospects for X(3872) of PANDA or other pp formation experiments depend
on its value

BT — K" pp arXiv:1607.06446

e ]'04 E I T [ : ' =

> = Jy 3

2 — LHCb ﬂ .

) B ? il

S L n.(15) X(3872) - _

= = w(2S) =

QL _ _

2 PO e
5 - f'“l I||H |||!! b ';'.-"“_-i J I i Il|| L & “j:u.

10 - i I hil i

L ] — :

3000 3500 4000
Mﬁ [MeV]

B(B* — X(3872)K*) x B(X(3872) — pp)

. 0.25 x 1072 © 95% CL
BB* - JoKH) < Bl = pp) 2 &

also: measurements of 7:(2S) — pp, mass and width of 7.(1S)

LHCD —
C. Patrignani GHP17 — Feb. 1-3, Washington, D.C 12 m




Z(4430)*

Discovered by Belle in BY — (25)nr~ K™
PRL 100 (2008) 142001

PRD 80 (2009) 031104
PRD 88 (2013) 074026

. =esw Flat costl I
| —— (2SI K moments
IO i
| =om J/ymK moments

noHT R &

Events / 0.17 GeV%/c*

QU 22223 “’;};. U : -
M2(w' 1), GeV?/c? 3. .
(W), M08 (GeV/c)

not confirmed by BABAR PRD79 (2009) 112001

manifestly exotic: no charged standard mesons with valence cc

LHCD —
C. Patrignani GHP17 — Feb. 1-3, Washington, D.C 13 ISy




Z(4430)* in B® — (2S)K*7~ at LHCb

~ 25k BY — 9(2S)K 7~ with ~ 4% combinatorial background

LHCb

1800
1600
1400
1200
1000
800
600
400
200

[GeV?

2
yr

Candidates / 1 MeV

signal

sideband sideband

range

:T|.||.|....|...F|"f I:IT

5250 5300
L [MeV]

perform 4D amplitude analysis HEMEEREINENPIRNY;

B® rest frame

i ik Y/ W

y rest frame ‘ K'rest frame

C. Patrignani GHP17 — Feb. 1-3, Washington, D.C 14 %



Z(4430)" in B — (2S)Kn~

1000

Candidates / ( 02 GeV?)
-
C;.

[a—
o
o

[a—
-
]

Candidates / ( 0.02 GeV?)
=

-@-data '

—a— total fit -----
—— Z(4430) excluded

K (892)
L . Z(aa30r
—— K S-wave
—— K,(1430)
_ hackground
K'(1680)
K (1410)

total fit with no Z(4430)

20

[GeVZ]

R O O Sl i DD S

'l|I i
1 1 1 1 1 1 | 1 1 1
- daa ! H
—=— total ft  ----- total fit with no Z(4430)
— Z(4430) excluded
K (892)

—— K S-wave

OO e ey ¥
o oy 4
K x -

o

. 3 Lty pir- gl i = A hobe
. .++ ol Hoge” Mwmﬁwxmwmvw“- b A =
- R ) L e e u"‘u g =
o o T
- |+ —— K_(1430) 9, | -
- e —— Z{a430r .
| —— background ey
E K_(1680) =
E K (1410} =] =

D5

e 2 25
m2. _[GeV7]

at LHCb

PRL 112 (2014)222002

M = 4475 4+ 7152 MeV/c?

[ =172+ 13+ 2 MeV

o JF=17*

@ Argand plot shows resonant
behaviour

of i

02+ i
04F /+_ _
_0-6 i 1 1 1 I 1 1 1 I 1 1 1 1 1 1 I 1
0.6 0.4 0.2 0 0.2
Re A?

C. Patrignani
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Model independent confirmation of Z(4430)™ in
BY — ¢(2S)Ktn~

Check that K~ 7" amplitudes only fail to describe the decay

PRD 92 (2015) 112009

K* resonances should contribute to low angular moments, while exotic 1
would contribute to all moments

Allow relative angular momenta up to £,.x and compare to unreasonably large

gmax = 30

bmax < 4

(S, P and D waves)

Cmax < 6

(S, P, D and F waves)

«— . — —
o F
= r LHCb
> 14000 [~ ] WP -
= ]
wy 12000 - 1
< E ]
= 10000 - e 4
> 8000/ ++ .
Do ad .
6000 -/ ® 2 =
{ /7 — K™ model 1
4000 — phase-space —
2000 -+-- no angular structure a
0 PR SN IS SN TR AN SN ST SN NN SO ST S SR S
3800 4000 4200 4400 4600 4800
My o5 [MeV/cT]
P —————— i
9
= LHCb
> 14000 Imax < 6 'H'* 3
= r PR ]
iy 12000 . .
Q - ]
< 10000 - A * -
= Eoi o o ]
> 8000 | 3.4 -
6000 [ 3
i — K™ model ]
4000 £ ¢ —
H/ — phase-space ]
2000 ¥ --- no angular structure ¥
PR NS ST S T SO S SNNT ST ST S N S '

0
3800 4000 4200

4400 4600 4800
My o5y [MeV/c?]

1

Number of pseudoexperiments

=

Number of pseudoexperiments

—

full my . spectrum

1

0" E

0k

133¢c

T
Data

10

ol

2000
-2ANLL

full my . spectrum

800

T
Data
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PRL 118 (2017) 022003

EXOtiC(?) states X — J/¢ Y4 PRD 95 (2017) 012002

Many experiments reported states decaying to J/v¢:
X(4140) and/or other higher mass states in B decays, but also v+, double cc.

X(4140) 2

%S
e CDF 2008

Belle 2009 (unpublished)

>
(]
=
E 1" E
= <
: g
o =}
5
%"IU B
g & 5
e =
% a
3.
° o 1.3
mfu* p. K K:l m{p n } [GﬁV-’q‘]
EmCMS 20133,;'* YT 1000 1010 1020 1030 1040 1050 1060 1070 1080 1090 1100
; w0 00 w.mu“ Hm e mK+K' [MGV]
g - 3 400 L B+ 4,2804151
g o “350E 23 - 6% X signal events
Y E 10 r
P (D@ Run I, 10.4 fb _E:Itlaﬁttﬂ § 300 bkg LHCb
= ; D0 2013 .. xuta, 3
240 310 a0l 5 250
= ﬂ'\ .I'\ PHSP ©
el { 200
Wy \ _’!r_:
L S T V1 150
MK K) [GeV)
100
The LHCb sample of BT — Jiip oK™ from Bl
: sideband : isideband ™
- H M | I M L M PR 1
Runl is the largest analysed so far 0 p—~ pm— e
oK [MeV]
~)
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PRL 118 (2017) 022003

Bt — J/@D oK™ Dalitz plot PRD 95 (2017) 012002

< >
= 23 : © 120
[ LT I e
g . -e“";-';a’_‘;f‘,i':. 1‘ 2
3 pofe ATELAWEENOLSEY ., = LHCb
oS N *- ',.:--__'fil_i. : . e };- 100
£ : a AR " e % = I
LTI T g S g . =
B RARY e g AN I ~ 80 i Il
i g '““, ﬁﬂ' wt - E 1 : |
.::'- %”J"’::‘l:;?:w £y Eﬁ I || Il ”J
20 iy of P, o) A
s

19

Fa
e
(=]

18

e IR S E
:.*1--_*;.‘-.-&'_.;‘&:5{‘!# St 20
17 L Rt e b Y "

TT[TITT[TTITT[FRIT[TITI[TTITRITTTIT
ey,
11.'
- e
CIeY o B a4
- RO TP e W A
v, e » . [, 2
9 ‘-:".' :':g-‘a%i.." a ag i
o BT EW A, R B
. ¥ e, *
s " ‘a‘& T
e
gL
%
F
-1
.'—
-
F]
IR
(o)
=
I B B I L

1] ] ] ] ] ] '] '] L L '} '} L 11 | | I 1 | | | | | 1 1 | | | 1 1 ] | 1 ] ] 1 I | | | 1 I L L L | 1 1 L | | L L
2.5 3 3.5 4 4.9 25 0 4100 4200 4300 4400 4500 4600 4700 4800
sk [GeV] My [MeV]

[ ] -2 LS
= n =
= o =

[—
h
=
IIII|IIII|IIII|IIII|IIII|IIII

All previous results based on 1D
projections

Signal yield/(30 MeV)

Need to understand reflections of
interfering higher K*

AR P S L A B
1400 1500 1600 1700 1800 1900 2000 2100 2200 2300

0

A My [MeV]
- INFN LHCD —
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. . PRL 118 (2017) 022003
AmplltUde f|tS PRD 95 (2017) 012002

6D fit including K™ resonances +
interfering NR background
(0™ not allowed)

Experimental knowledge + predictions

A(I)w K*

. . ' K'rest frame
to choose the states to include in the yrwest ihane
model 1-4 complex helicity terms per K*
2D, 2°D,
o S— _
= IS — 2, = — n
= 2000[3'S,— l 2P, 2Py o I"°F, l=1'? s - —=— data
& -} — =" 1D, D " = - —— total fit (K*s)
S 1800 = - P 3 = n R o
b= F oz g - 27§ O% : % 100F LHCb background
wfE o Tha O ¢ g +
. _ S 3 =%-—-8 " 60 Hl*ﬂ |,. .
1200 - S 2 -
- ¥ 2 . 0% Godfrey-Isgur, - + H **H‘+
1000 " = i PRD 32, 189 (1985) 40:_ + +++ +
wf '3 ¥  Established oF - = i
wf Unconfirmed F
40031.1%;.. AN B B B 0™1100 4200 4300 4400 4500 4600 4700 4800
0 1 2 3 I m,, ¢[MeV]
oo T Y gz 155y Ay
masses and widths not constrained K™ resonances alone don't describe data
)
INFN HCh —
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Fits allowing exotic components

~ 350

PRL 118 (2017) 022003

PRD 95 (2017) 012002

= — dam
% K mm
oo SR e Add X and Z* components with
w e - T .
£ 250 #H’* *} ‘-‘*‘+ ]Fi —— i%ﬁ}ﬁnm various quantum numbers
s £t LA —
A S— Z" components improve fit marginally
¥ T v
150 + e,y S T Two 17" and two 0" states with large
significance
' - Contri- Sign. Fit results
= R e bution  or Ref. My [ MeV | Tq[ MeV | FF %
. " 100 5000 9200 All X (1) 16+3 T8
o MEVD  X(4140) 840 41465445756 83421721 13.0+327F47
_ ave.  Table 1 4147.1+2.4 15.746.3
> F X(4274)  6.00 4273.348.37172 56+117+° 71425132
= b CDF 26) 4274471837 +19 32772438
3120: * + S CMS [23]  4313.845.34+7.3 38790416
2..F Jeo | + AL X(07) 58L 5 7
5 F + y NRjyps 640 46+11 T3
1 = +12 +21 +3.5
Tz  F + X(4500)  6.10 450611112 92421120 6.6+24733
S L X(4700)  5.60 4704410735 120431732 12+ 5 * 2
3 Significance of J©< = 117 incl. syst.:
X(4140): 5.70 X(4274): 5.80
- _ . Significance of JF© = 07" incl. syst.
00— 4300 440 45{}0 4600 4700 1&00\{1 X(4500): 4.00 X(4700): 4.50
e
Myye
. HCD —
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PRL 118 (2017) 022003

K* spectroscopy in BT — J/ip ¢K™ PRD 95 (2017) 012002

P — = ——
Our results for mass and widths of > Fa 0% A T
. . . . o 20,00_3 S{}_ 21' 1 Zili- 13 1 3 31:
higher kaon excitations as red points % [ = =T s I,
: - =11 Fa2s8, 15 vy
Excellent agreement with theory and 1600F 27— 2 EZiD:3
: : F2'S us 1 _J &
previous experiments 1400~ "0 2 13&; Dppz 2
F 2 3 =§_-8 =%
ok ¥ B3RS
J = 3 — 4 states not observed — i g *
) - 3 <
expected to be suppressed in B oo S =
decays C 5
I barri T
(angular momentum barrier) g
-I B 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1
N 0 1 2 3 ¥
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B27~ spectroscopy

D® reported observation (5.1¢) of a tetraquark candidate X(5568)" — Bon*t
with ~ 5500 B? signal events reconstructed in J/ip ¢ PRL 117 (2016) 022003

2000 ¢ , DORunll 104
v f
2 1500 |
= -
o -
N -
~ 1000 f;
2 F
m -
Q>) r
R W
.S I a2
4.8 5 5.2 5.4 5.6 5.8 6
m (J Iy o) [GeV/c?]
m = 5567.842.9 (stat) *7-5 (syst) MeV/c?
[ = 21.9 £ 6.4 (stat) 132 (syst) MeV/c?

with a large fraction of BY from X(5568)" decays:

o(pp — X + anything) x B(X — B9r)
o(pp — B2 + anything)
= (8.6+£1.9+1.4)%

DO
PX

DOAcc.

N events / 8 MeV/c?

120

C DO Run II, 10.4 fb'
100 |— b) + + +
e
60 + + +
40 [

L DATA

r Fit with background shape fixed
20 — 4 --. Background

e F % ] s Signal

AT UL I (RIS SN 2T IOV TOOFOUY PUON VOO UUU U0 00N AU NS T AN ST T N S S S ST S S
n5.5 5.55 5.6 5.65 5.7 8.75 5.8 5.85 5.9
m (B% %) [GeV/c?]

Nx = 133 4+ 31 with " in a cone around Bg

N events / 8 MeV/c?

90

80

70

60

50

40

30

II|\III|I\I1|III\]IIII‘IIII‘\III‘\IIIl\III

a)

DO Run 1, 10.4 fb'

DATA

........ Background
............... Signal

Fit with background shape fixed

\AN2 + Ap2

< 0.3

Unique state with four different quarks bsud

TR T ST TORRRI R
5.7 5.76 58
m (BS m¥)

58550
[GeV/c?]
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.
LHCb: BP7r~ spectrum

Large and clean B; samples reconstructed in J/i) ¢ and D 7t
Constrain J/i and Ds mass to improve resolution

6000 12000

5000

10000 0 -
- 44k BY — Jjp ¢

4000 8000} © S /NN 50

Candidates / (3 MeV)
Candidates / (3 MeV)

3000 6000
2000 4000
1000F- 2000F-
5300 5350 5400 5450 5500 5550 5600 5200 5250 5300 5350 5400 5450 5500
m(D; z*) (MeV) m(J/y ¢) (MeV)

pair 7 from primary vertex with a displaced B?

900

D o LHCb p (BY)>5 GeV -°"‘"'e‘”“55“’*‘"“_§ > F LHCb p,(B2) >10 GeV [l cteimed oo e -
E 700 S— |:| Combinatorial = E = ; |:| Combinatorial ?
2 600 + ' # 1 9O 0
=~ E -~ =
@ 500 5 ¥ 2 5 r
S 4005 t = 9 M= :
= = (_'U * -
B 300 4 O 100 -
o E E '6 C |
C 200; = & F ]
L = =4 @© 50 i
O 100: E o C |
S i T ; i . q i
=) e T e Ty S S S = SN NSNS EEE SN EE NSNS NSNS SN NSNSy SN SN SSESESESEESESEEEEESEEEESE S|
T g ; } i T bbbl Bl d Bt it ol j ; i
| T SO S A .4 R . S o o S RN B TR TR SR R ! Ay
5850 5600 5850 5700 5750 500 550 fg%o 595& 6\(;00 5550 5600 5650 5700 5750 5800 5850 5900 5950 6000
m(Bor) (MeV) m(B%z:) (MeV)

Fit spectrum with and without a narrow resonant structure.

D) no signal = upper limit
| INFN THCH —
7 (L~ C. Patrignani GHP17 — Feb. 1-3, Washington, D.C 23 sy




'
LHCb: no evidence for X(5568) — B S R

Set upper limit on the BY production ratio (including systematic)
racn . o(pp — X (5568) + anything) x B (X (5568) — Bon™)
Px N o(pp — B? + anything)

Set UL as a function of Mx for different values of [ x and different values of
the minimum transverse BY momentum

ﬂ T T I T 1T T T | LI I T 1 T 1 I T 1T T 7T I T 1T T 1 | LI | T 1 T 1 I T T T 1 | L I
Q 0.05F e 0% CLUL;T—10MeV =:$-: 90%CLUL;T-40MeV 7]
3% - smsess 90% CLUL; T =20 MeV =ishi=: 90%CLUL;T=50MeV |
QU - s 90% CL UL ; T = 30 MeV -
0.04— =
- LHCb pT(B;’) >5 GeV -
0.03— =~ Ay - A =
r |a * ' LAY =1
- - il T -
— . ! L —
0.021 B k PR =
. Ag T, %, .
L A . , -ty ’,' . .
0.01 . e e s A M -
s ’:-.- -ty i “: =
11 1 1 I 11 1 | I 111 | I 11 1 | 11 1 1 | IIIIIIIIIIII I_

555{] 5600 5650 5700 5750 5800 5850 5900 5950 6000
m(X) (MeV)

for the X(5568) parameters reported by D@ and different values of the
transverse BY momentum the limits are

pRHCD(pr = 5QeV/c) < 1.1 (1.2)% at 90 (95)% CL
pLHCD (1 > 10GeV/c) < 2.1 (2.4)% at 90 (95)% CL
pLHCD (b1 > 15 GaV/c) < 1.8 (2.0)% at 90 (95)% CL
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CMS and D@ (preliminary):

CMS /|
CMS-PAS-BPH-16-002
D@ Note 6488-CONF
BO(— Jhp p)mE 0 +
s(— o) B.(— Dsuv)m

CMS Preliminary 19.7 671 (8 TeV) N
2'0F (@) SRR S oeof 'I | | IE
= (@ : > 250 =
1200 { t S - f ,Hﬁ# $ +Hﬁ+ﬁ++ .
~ f ; 200F- (3 * #1050
$1000 % - +++{»*§4f+++ﬁ ‘* f‘
g T S 1501 ‘ =
= g - ‘ ]
g T ox < 3.0% at 95% C.L. W 00 DO Preliminary 10.4 fo” =
O 09F E e Data .
C 50" + MC Background Simulation—
400 N F}' . Expected Signal .

2001 0 5600 5700 5800 5900
- M(B ) [MeV/c?]
85 56 57 58 59

AM(Bgni)+M(Bg)PDG [GeV]
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pentaquarks

PDG1974

S=1 [=0 EXOTIC STATES (Zy)
PAPES AIBMELN SMAMALS SISSNIA LSMIEM ASEIE SRMTAS SOALAL EXOTIC BARYONS

HIEEEE FEEFEEEEF BEREFR PR FRERRESEE BEREEREEE FEEFEEEEE FEFEEREPEE FERETEEE

Eﬂ(l?ﬂﬂ} %5  Iw0i LFAD, JP=lsEel [ep Pﬂ‘.‘l

SEE THE FMLWI-®REVIEW PRECECINO THIE LISTWING.

} WILEON T2 &ND GIACOMELLE 74 FIND 5OME SODLUTIORS

WITH RESOPMGNT=L [KE DEWAW[0E TM THED POL PARTIAL WAVE. 6(1540]+ f[.JP] o m:??]

THE EFFECT SEEN [N TWE T=3 TOTAL CROSS SECTIGAS.
[F & ARECHMANCE: MUST HAWE SPIM=1/3; NECAUSE THE
TRELASTIC CROSS ZECTAQN [5 WERY SHALL AND THE TOTAL
CROSS SECTION 15 ABOUT SapllrEssz.

Minimum quark cantent: @Y = gadds, @ —ssady, & =ssaud.

It is ditficult to deny a pacein the Summarny 1ab es tar a state that six

N NN N N S S N e N N N RN N A N O MR

95 ZeoiLWAGE MASE {REVE experiments claim to hawve seen. Meverthe ess, we believe it reasonable
" 1780, 0 10.0 canL 70 CNTR & MeR, D TOTAL LTl Lo have some reservalions aboul the existence of this slale on Lhe basis
H o LEEN DOWELL 70 ENTR R+l TOTAL 1470 N
4 0 SEE AL 50 DISCUSSIOM OF LYMCH T0 7410 af the present evidence,
LI (180, b WILEOM 72 Pus ReM FOL WAVE ENI ] P D 2004
L L EATimATE OF PamaMETEAS FACH bW + Qual®aTIC Batkdndumi FIT TO Pol. 3472 i — L) S R
o1 LLT5. CARAOLL 73 CMTR AN [=0 TESFIT 1 9473 Mass m — 15302 + 1.6 Mok G
W (1825, 0 CARROLL 73 CATR KW [=0 TCSFIT 2 9473 . .
Ll L FIT 1=FIT @F SINGLE L=l Be+BACKGRCUAD TO I=0 TCS FROM .4=1.1 GEW/C  9/T3 Ful wdth T — 090 4+ .30 Mol
H i FIT 2«FIT @F Lal &40 L=2 BWE TO S4HE DATA. SEE 20118450 FOR Lm2 PERT 9/73
] [1T&D.0 GlIACCMHEL L] Pl aBB=1.81 GEWSD 10y TeE
o e e e oo e e e b MK Cis the anly steong decy mode dllowed for 2 strangeness 5 )1 resn

) [ERTT UL B LITE TRERS

L L | R p ROl WIDTM (REW)
" |5&8, 0F coaL TO CMTR = ReP, O TOTAL 1471 3
L] ] (500. 0 Wl LS0M T2 PHa E+l POl WHEVE 3572 . o
ool i& a0, b ' CARRILL 73 CATR  kh [e0 TES,FI1 1 %473 ©(1540)F DECAY MODES Fraction ([;/T) £ (Mo
L. i LE-E1 0 | CARROLL TH CNTR HEM [=3 ToL.m1% F 9/03
W 18a0. 0 CIACOMEL 74 Pk W3E-1.50 GEWAL  D0/Taw

H N a0, 270

z BARYON s P D G 1992 Citation: W.-M. Yao et al. (Particle Data Group), J. Phys. G 33, 1 (2006) (URL: http://pdg.lbl.gov)
(5= +1)

- @(1540)+ I(JP) = 0(??) Status: K
NOTE ON THE § -~ +1 BARYON SYSTEM
PDG 2006

The evidenee for strangeness + 1 baryon resonances was OMITTED FROM SUMMARY TABLE
reviewsd in onr 1976 edition,' and has also been reviewed by PENTAQUARK UPDATE
Written February 2006 by G. Trilling (LBNL).

Kelly® and by Oades? New partial-wave ;m:l]_\'ﬂ':&d': appenredd

in PR aned 1985, and both claomed that the 55 and perhaps
cbher waves resonnte. However, the pesults permit no defipte ,

. - In 2003, the field of baryon spectroscopy was almost revo-
concluaion the same story heard for 20 vears, The standards

_ _ : lutionized by experimental evidence for the existence of baryon
"5‘! ]ifr:"?[ must r-||r|]:||1;‘ !ill.' MTe =evene 'Ill:"ll:" 1||.-"|'Il i a channe! ' h

in which many resenances are already known fo exist.  The states constructed from five quarks (actually four quarks and

) i about baryons not made of three quarks, and the an antiquark) rather than the usual three quarks. In a 1997

’NFN et .-‘.i.JE.J Jl|]|.|]=.‘:ll PEAN E\l\ ;.1 5 WLT =.=|.|. il Lok, |.'||.|.1Ifl.|: |= .III.'U: %\ gcb .
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:
A — J/pK

This decay mode, not observed before, found to have large rates and low
background

Used to measure the A? lifetime with 1 fb~! collected in 2011

PRL 111 (2013) 102003

o~

3 7000 =
= E LHCb ﬂ -
¥ 6000 =
Clean signal of 26,000 candidates with 5.4% £ 50001 E
background within £2¢ in the whole Run 1~ %7"F |
—1 5 . '
data sample (3 fb™") 2000F- :
1000 J 3
< F L L B B B 05500 se00 5700
o 26F B Mykp [MeV]
S i
£ E .. but the Dalitz plot has
22 . unusual features:
20f : vertical bands for A*'s
18F B Horizontal band???
16__| | | PR (N TS W SR T N |__

> 3 4 5 6
mi, [GeV]
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Dalitz plot projections

< 3000
2 -
= -
N B
I C
£ 2000F
) -
L|>J B —=— data
1500
E — phase space
1000F
500 f
PR R T NN N TR TR TN T T U N N T i
14 16 18 20 22 24
my, (GeV]
many A* — Interference!
(@) .C 1/
b v el
0
Ay U

PRL 115 (2015) 072001

800

600

Events/(15 MeV)

400

200

L L I L L L I L
4.0 4.2 4.4 4.6 4.8 5.0

M0 [GeV]

reflections from m(Kp)?
or exotic resonances???

o K

WL on"
0 b EP
d — o ]
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-
Amplitude Model

Six-dimensional amplitude fit: invariant mass, three helicity angles and
two differences between decay planes. Allow for two interfering channels:

A9 = J/opA* A = PFK-

A, rest frame o —m

A, rest frame

Y rest frame

Y rest frame

R P rest fra7 W

lab frame

State JE My (MeV) Tg (MeV) 4 Reduced # Extended

A(1405) 172~ 1405.17¢; 505120 3 4

A(1520) 3/2 1519.5+ 10 156+ 1.0 5 6

A(1600) 1/2+ 1600 150 3 4

A(1670) 1/2 1670 35 3 4

all known A™ resonances (Extended) A(1690) 3/2- 1690 60 = 5
or A(1800) 1/2~ 1800 300 4 4

+

just well motivated (Reduced) ﬁggégg é;; }258 18500 Zl)) g
A(1830) 5/2~ 1830 95 1 6

Angular distribution in helicity A(1890) 3/2% 1890 100 3 6
formalism A(2100) 7/2° 2100 200 1 §
A(2110)  5/2+ 2110 200 1 6

A(2350) 9/2% 2350 150 0 6

A(2585) 7 ~/2585 200 0 6

HCh —
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-
Amplitude Model: results

Two exotic states are required to obtain an adequate fit

—a— data
* —e— fotal fit
background

— 1g00f ¢ e P,(4450)
' —=> P_(4300)
< 1600 & s

Interference between two P. of

opposite parity required to explain the The P. parameters from the
P. decay angular distribution "reduced” fit are
c decay ang P.(4380)* P.(4450)+

sF —— Combined P, 7P a— 5T
3 | |LHCb = —— P.(4450) 0 2 2
& 400 . P_(4380) Mass [MeV/c?| 4380 £8+29 44498+ 1.7+2.5
5 I _ ° Width [MeV/c?] | 2054 18 £ 86 39 +£5+19
3 RS Fit fraction [%] | 84407442 41+05+1.1
: Significance 90 120
o [

200

significance from pseudo-experiments
- (includes systematic)

| The combined significance > 150
-1 -08 -06 -04 -02

0 02 04 06 08 1
cos(6;)

HCD —
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Resonance?

PRL 115 (2015) 072001

Real and immaginary part of the amplitude determined independently in
6 bins between M — T and M+ T

0.15

v -
< o4f
£

0.05

-0.05

-0.1

-0.15

-0.2

-0.25

-0.3

asp

oF

_TIITITI]l]ITI]]Iil]lilllillll]l]lllllllIIIIIIIIIT__‘ IIIIITIIIII]lli]TlllilTIllllIllllIllll]lllTIll!

- + (b) 5

: P,(4450) . ! ; ' :

3 . Ed P,(4380) s

:IlllllIIIJIJII]I]I{III!IlIIII|IIIIIIIII|IIII{IEII::IILIIIlIIJIlII|1IIIII!I1IIIlllllllllllllllltlllil:

35 -0.3 -025 -0.2 -0.15 -0.1 -005 O 0.05 01 015 -01 005 O 005 0.1 0.15 0.2 0.25 03 0.35
Re A% Re Af

The P.(4450) amplitude shows a phase variation consistent with what

expected for

a Breit-Wigner resonance

Not conclusive for P.(4380)

C. Patrignani
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Model independent analysis of A} — J/¢pK "

Theory predictions for A*
Well established A* states

; B . p—
© 2600 _ — —
The Ax spectrum is the largest systematic = — 5
" : . & 2400 — — - _ —
uncertainty in the P. observation 8 - — O =— =17
B o 2200 — — = T
The NR K™ p component could have non trivial F===="H _ — H
mass-dependence MELTTHE — O
so- | | T7T 2 = ] T
. _ . C =[] | N = :
Model independent approach: no assumption o= |1 T — Only low-spin
on A*, X or NR structure = = BRicE B REEE
' 1400
: : : - 1+ 1 3 3 55 7+ T 9 9 1p
Only restrict maximum spin of A* component o= 2 2 2 2 2 2 2 2 2 3 2
in each interval of Kp invariant mass E | , , , ,
1000 1 1 | 1 1 1 | 1 1 1 | 1 1 1 1 1 1
0 2 4 6 8 10
I 1)
Kp
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Model independent analysis of A} — J/¢pK "

Hypothesis: data can be described by Kp mass and angular structures

_ _ Likelihood ratio (pseudoexperiments)
m(J/vp) in data vs MC (weighted to for various hypotheses

sk .
reproduce A™ — Kp reflections based 2 180 —
3 - =t e b “F =S F(A(2InL) 1H)
on mOmentS) g 160 so0f § T L
. _ a B A* 3 == Bif. Gaussian fit
> | o — 400F S
2 1000F g M0~ P-1 —e— A*P (4380) ['=205 MeV i
- o) B 5 300
] 3 -
Q - 2 120
— 800 e - 200F
=l - - =
E - 5 100~ cooh LHCb
- ] -
600_ = = - S aaterd ool sy
_ g 80— % A%, 0 W 1w I
_ Z F P (4380) I'=205 MeV,
400/~ 60— P (4450) [=39 MeV
: 40
200 -
: 20—
0_ M T T T R T T RE ST R 0: Eapay _ , P THl EYCPETETE EPEPETETE BRI Briistete LCH
4 4.2 4.4 4.6 4.8 3 0 50 150 200 250 300 350 400
My, [GeV] A(-2InL)

The hypothesis that data can be described by reflections of Kp structures
is excluded at 9o

)
| INFN THCH —
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Search for exotics in A — J/vpr—

Cabibbo-suppressed — observed by LHCb REIEEENrAEIIEY BT
B(Ay — J/¢prT)
B(Ap — J/¢pK~)

= 0.0824 £ 0.0025 (stat) & 0.0042 (syst)

Observing the same P states in a different decay mode could indicate
they are really resonances and not some kinematical effects
Wang et al; arXiv:1512.01959

Cabibbo-suppressed Ag decays to baryonic exotic resonances

Ly P c

= (]

b%u b—)—v&

Ag[u —>\\ p+ Ag[u —>— :
g | * RS

are predicted to have Cheng, Chua arXiv:1509.03708

B(A? — 7~ P+
R - = ( b "7 C+) ~ 0.07 — 0.08
B(A) — K~ P)

e Es & O

—
=]1

S |
By
+

e 00

HCD —
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:
Ay — J/bprm

Similar candidates selection as_for Ag — J/@pr__, with additional vetos for
specific background sources (B° — JAp K n~, B? = JWKTK™, A = K n™)

> £ | 5 S 0F g e
3 500f = 5 b (a) LHCb
= "F LHCb {4 Daa E 2 28 E
T 40FN . = 1880 £ 50f | — Fit E o3 BF E
= N .- Signal ] 24F =
5 300 - C g
L%) - e Ag‘—‘)J/wpK 7] 22 :_ _:
200 o % Background - - .
s : 20F i
100 et 23, 77 ok : 18 Sl al e
0-' ''''''''' » ,_ 16 & : l : : ; | ) .' I. l -
5.5 5.6 5.7 . % ¢
M o [GEV] mz, [GeV’]
No striking features in the Dalitz plot, perform amplitude analysis
0
Ay — Zp
As in the CF mode, six-dimensional fit it i Arest frame o
. . . . Trest Irame ‘
to interfering amplitudes. In this case: /ﬁ -
_ _ ‘w —31:
b Fec™ reported by Belle in " Z,Test JTame AN <
o A0 _y 7 B — JYKn i\
b c P PRD 90 (2014) 112009 P
)
INFN HCh —
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Amplitude model fits to A} — J/¢pm™

State JE My (MeV) Ty (MeV) RM EM
NR pm 1/2- - - 4 4
N(1440) 1/2* 1430 350 3 4
N(1520) 3/2- 1515 115 3 3
N(1535) 1/2- 1535 150 4 4
N(1650) 1/2- 1655 140 1 4
N(1675) 5/2 1675 150 3 9
N(1680) b5/2* 1685 130 0 3
N(1700) 3/2~ 1700 150 0 3
N(1710) 1/2* 1710 100 0 4
N(1720) 3/27 1720 250 3 5
N(1875) 3/2~ 1875 250 0 3
N(1900) 3/2+ 1900 200 0 3
N(2190) 7/2- 2190 500 0 3
N(2220) 9/2+ 2250 400 0 0
N(2250) 9/2- 2275 500 0 0
N(2600) 11/2— 2600 650 0 0
N(2300) 1/2+ 2300 340 0 3
N(2570) 5/2- 2570 250 0 3
Free parameters 40 106

The m(pm™) projection is adequately

described by fits with N* only

Exotic components seem not required

A

Include in the fit
@ all known N* (Extended)

@ only well motivated (Reduced)

All L allowed

Limited sample size: fix P. and Z.
parameters when testing if their
amplitudes are required

& fF LT o F T vt

~ | LHCb —=— Data __

2 102 . —— RM N*+Z +2P Fi
: ¥ =~ BEM N* Fit :

Q SN P(4450)

g e Py(4380)

R s Z(4200)

L

>

[—

o
T
|

1 : Ir-"J J ’I&QN I iR . =I. \
| 2

1 25
M, [GeV]

= INFN
(%
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PRL 117 (2016) 082003

Fits with and without exotic hadrons

The amplitude model without P. or Z. amplitudes may appear adequate in the
projections, but exotic components are required for an acceptable fit in all
regions of variable space

All events m,mr > 1. 8GeV
= L e o L I
a0k @ + LHCb = e I 'LHCb
- = 35F M E
7 300 | -
Nl e —=— Data i
@ 25F ' —— RMN*+Z_42P,
e 1 I S — EMN*;H+ X
2 20F - SN P(4450) r
> SR 47, e P(4380)
155_ 3 e ]| e Z.(4200)
10F | =
sElr BNy T E
.n\\. | f ‘\\...n sﬂgth&t .
& 5 3.5

Differences in a six-dimensional fit often manifest only in restricted regions

)
INFN HCh —
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PRL 117 (2016) 082003

Evidence for exotic components
in AY — J/vpr

The N*-only (extended) model does sob
not describe data in all variable space

100

The reduced models with exotic
(2 P. or Z., or both)
have acceptable fits in all variables

50

LHCb

150

—=— Data ]
—— RM N*+Z_+2P, Fit 7]
ssasz PL(4450)
>3 P (4380)
----- Z.(4200)

The significance (including syst) for
2P, without Z. is 3.30
None has individually large significance.

States Fit fraction (%) 1sof i ¢ t
P.(4380)* 5.1 &+ 151_%% mw%-{- b ;
P.(4450)* 16f82f8§ sob cosh t o

Z.(4200)~  7.7+2.8757

100

50

"... B O e R R Rl | PN o ] °F o, F YR A TN
—1 05 0 U5 o —2Z 0 2 ¢ [rad]

Ratios of CS/CF for exotic components compatible with 0.07 — 0.08 (albeit

large errors!) Cheng, Chua arXiv:1509.03708
R, /x-(4380) = 0.050 £ 0.0161 973 &= 0.025 o B P
—~ R, /- (4450) = 0.033* 5014 0:009 £ 0.009 T T B(A — K P
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Conclusions: tetraquarks (and tetraquark candidates)

@ X(3872): already a wealth of results

@ quantum numbers
o Mass (and width?)

e radiative decays

e p: dependence of prompt production
o other decay modes? other than B*?

e Z(4430)"

e confirmed with both amplitude analysis and model dependent
approach

e resonant behaviour

@ quantum numbers

@ BT = JppK™
o 4 J7) ¢ structures
@ X(5568) — BInt?

... different process (pp vs pp), different energy, different kinematical region.... yet ...

LHCH —
D
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Conclusions: pentaquarks

@ Observation of P.(4450)* and P.(4380)* — Jjbp in A — JjppK~
from both amplitude analysis and model independent approach

e ccuud = pentaquark!
o resonant behaviour of P.(4450)F amplitude
e resonant behaviour inconclusive for P.(4380)*

@ Evidence for exotic hadrons in A) — Jip pr™

e compatible with P. states in different decay mode
e amplitude analysis limited by sample size

Still a lot to understand — and a lot of data at LHC!

already on disk and more in the near future

For further discussion on how to interpret those states
see also T. Skwarnicki's talk at APS, Session Y16

A

INFN LHCD —
=’ (L~  C. Patrignani GHP17 — Feb. 1-3, Washington, D.C 40 sy




Extra Slides

C. Patrignani

GHP17 — Feb. 1-3, Washington, D.C



The LHCb experiment

LHC has record numbers of b (and ¢) hadrons:
opp ~ 250 ub @ 7 TeV

LHCb designed to study rare decays and CP
violation in b-hadrons

ideal place also for spectroscopy

single-arm spectrometer covering the forward

pseudorapidity region 2 < n <5

T
v 7
]/BEAM 1J
RICH1 J

Magnet s

Tracklng

VELO

SPD + F‘rashuwarO—\

1l

oce = 20 X o5

.|IIIII| o
RICHz J ECALJ

HCAL MUDN

JINST 3 (2008) S08005
IJMP A30 (2015)1530022

excellent performance:

@ vertexing and tracking:
good time of flight and

Invariant mass resolution

@ PID for pions, kaons,

protons and muons

@ calorimeter

c and b-hadrons

Trigger on high-p: lepton or
hadron from displaced vertexes
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Extended Model fits to A} — J/¢pK~

The extended fit without additional exotic resonances describes well the
K~ p projection, fails to describe the J/yp projection

2200 —a— data 800
2000 t —e— total fit
a background
1800 : (@) LHCb -~ A(1405) o0
-3+ A(1520)
— 1600F & A(1600) < 600
P , A(1670) >
D 1400 He Q
= i -eexee- A(1690) = 500
‘u_'; 1200 P o Aﬂg?gg 52
— ko -FF-- Al g
& 1000 8 - A(1820) 5 e
c 3:!.:‘ v-- A(1830) c
O 800 a- A(1890) S 300
w0 : 4= A(2100) L
ceepee A2110) 200
400 1o i Mg e A(2350)
T T T W, T A(2385) 100
200f
S T R e .
1.4 1.6 1.8 2 2.2 24 2.6

My, [GeV]

adding one exotic resonance is not enough:

> 2200 —a— data % 800
s 2000 t —o— total fit s
back d
(@ LHCb T L0 700
@
e 6
[}
>
LLI 5
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Fit projections A} — J/¢¥pK~

Reduced fit +2 P, describes data well in all fit variables, also in restricted

variable ranges
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Efficiency and backround A) — J/vypr~

{g 3'-:' 1 1 1 1 1 1
L ’g (a) efficiency (b) background
O - LHCb LHCb
$26 Simulation
2
T
7
20
18
16 1 1 1 1 1
2 4 6 2 4 6
m2, [GeV’] m2, [GeV’]

Figure 7: (a) Signal efficiency and (b) background distribution on the Dalitz plane.

C. Patrignani GHP17 — Feb. 1-3, Washington, D.C 45 %



Fit projections B™ — Jiip oK™

The fit with 4 X states describes well data in all angles

(1) ' = background +
-._ u NHJ.'IJ'IZI i K{E"I Kll:z' P .5 S . K{E-} 1[2'
-I*T*K{d‘MD]l . =T X414 KA (1
2 1 x(a274) = K'(1) 2 1 x(4274) = K°(1)
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PRL 118 (2017) 022003

Resonances or cusps? PRD 95 (2017) 012002
4 states...?? Kinematical effects?

Rescattering in S-wave. J¥ is that of virtual Dﬁ*) pair. Cusp peaks at

*
sum of D§ ) masses
%107
0.14 - _D*D(*)' AI(I*c)ombl.natl-on of narrow g 1|_ : T
5 ssx D¢ 7 excitations . C i
0.12p —1 ...DS+D(S))(' ‘ g 0.8~ i Argand i
C =0 + ) 2 5 = C Plot
01 _ . =D4oDex \ S 0.6f
B " “ m : ° 2-_ ~0‘2 (I) 0'2 OIA OIG UIS
0.08F —2 . 0.4 -Im 1(2)
L =2 - C
0.06— " L
6: —3 3 3 0.2
0.04F : TH .
C ; § 0
- : ¥ L
0.02- : & C
g ""','.'.,.. -0.2F=
0= -4_2 4.5 4.6 47 P I M P PR PR PR R R
m,,,[GeV] -0 8 6 4 2 0 2 4 6 8 10
-Z

Test one of the cusp models which proposes to explain Z’s just above
D)D) thresholds (rescattering) Swanson arXiv:1504.07952

For the X(4140) the cusp amplitude gives a better fit than BW (by 1.60)

—~  For all other X's this cusp model has a worse fit
' INFN HCD —
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Model independent analysis of A} — J/¢¥pK~

Hypothesis: data can be described by Kp mass and angular structures

Moments from data in bins of m(Kp)
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)
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