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Outline

« LHCDb present and future capabilities in exotic
nadron spectroscopy

« LHCDb results on exotic hadrons and some near
future projects
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LHCb detector

MAGNET '
4 Tm ‘

Tracking system
Silicon strip detectors + straw drift tubes

« pp collider experiment with “fix target layout”




LHCD

« Typical hadronic collider
experiment optimized for
high-p; physics:

CMS and ATLAS at LHC,
CDF and DO at Tevatron

“central detector” (less bkg
from beam fragments)

run at highest luminosity
available: high p;
thresholds in trigger, not
efficient for b decays

large detector volume:
$$$9$, large events
size—limited trigger
bandwidth to storage (~500
Hz in Run I)

b triggers via dimuon pairs
(e.g. b—=J/yX, Jhy—piu)
heavy flavor physics is a
very low priority; very low
trigger bandwidth allocation
(~5 Hz)

no hadron ID (no K,p
identification), large
backgrounds in exclusive
b-hadron decays

LHCb Tetra- and Penta-quarks, T. Skwarnicki INT, Nov 2015 4 ?
LHCDb: first dedicated b (c ) detector at hadronic colll

LHCb:
— Firstofakind LHCDb

“forward VELO
detector” (can > <
catchbandbin
small-volume
detector)

— run at diluted
luminosity: low
pr thresholds in
trigger, efficient

small detector volume: $, small events
size—large trigger bandwidth to storage (5 kHz

for b decays in Run 1)
—  hadron ID via — Db triggers via dimuon pairs and detached
RICH detectors: vertices even without muons (trigger on selected

low backgrounds € decays too)
in b-hadron — heavy flavor physics is the top priority; takes

decays almost all trigger bandwidth
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Colliders and bb rates

Previously a lot of results on exotic hadron
spectroscopy with heavy quarks

came from e*e” B-factories  Tremendous rate potential at hadron
(also from e*e” charm factory — BES IIl) colliders

— physics reach determined by the

=106 LHC design umise 4 o detector capabilities not by the
".é/ § F 2‘]|YI|_?A‘S* LHCb v g machine
g e S« Collectall b-hadron species at the
- S . e 1 .
-8 2 104 Tevatron * 3 same J[I!’T.le. .
g & CDEDO Ve — additional gain by a factor of ~10-
£3 . o 100 in integrated B rates at
g1 A o 5 hadronic colliders
Y= i Belle-11 i .
= | 3 — also get A,, B, which are out of
N b SR S +A- :
10 Belle o reach for the 10 GeV e*e" factories
ol f:. 2 - Charm rates factor of 10 higher than
: ?9- BaBér 3 beauty rates:
100, VR — nuisance and physics opportunity
2005 2010 2015 at the same time

Year
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LHCDb luminosity and its upgrade
« Maximal value of luminosity for safe LHCb operations ~ 4x103%? cm2s-'

« Beams are intentionally misaligned at LHCb to stay below this limit.
« Luminosity is “leveled” over run duration.

@ F _s»n  Fill2663 [
g = | ' falls off exponentially
£ 4000
3 3000
35-2909-?- -—- 2x 1033 LHCb upgrade
E LHCh <—— 4.1x 1032 limited by the LHCb design
Qon 02n o04n o06h 08 10n 12h 14n  16h ‘leveled’ continuously

* The main luminosity limitation comes from 1MHz LO bandwidth imposed by the
readout speed.

« upgrade: (2020-) instantaneous luminosity up to ~ 20x103% cm2s-'

— Readout all detectors at 40 MHz. Do all triggering in the computer farm. Increase
output bandwidth to 20-30 kHz to cope with the increased physics rate

— Factor of ~2 improvement in hadronic trigger efficiencies. Muon trigger
efficiencies stay the same.
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LHCb present and future data samples

20|1D 20|11 2D|12 20|13 20|14 20|15 2Ei16 20|1? 20|18 20|19 20|2D 20|21 2U|22 2D|23 2U|24 2[]|25
e

e [ soms = -

I

I

J= 3 fb! > 5 fb-!
# of bunch : —
crossings up to 1262 ~ 2622 (nominal)

- (em?s™) 4-10%
RUN I

—— tnt. Luminos(1/75) LHCb Integrated luminosities

— Muon triggers (yield AU}

A profile:

* RUNI: ~3fb'l
* RUNII: >25fb*!
* Upgrade: 250 fb!

* Increase in data statistics by a factor of:
— ~3by2018
— ~10 by 2026 (with a new detector)
— ~17 by 2030
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Triggering in LHCDb
» Collision rate at LHC is up to 40 MHz, our trigger rate to storage was 5 kHz in Run | (20 kHz in
Run II): live or die by trigger performance

» Tons of particles coming out of PV i.e. primary pp interaction point (mostly &, some K,p, very
little )

* Most of our triggers rely on long visible lifetime of the lightest b- (and c-) hadrons: weak
decays, lifetime prolonged by significant forward momentum

» Reconstruction of b or ¢ decay vertex, detached from PV, also important for suppression of
backgrounds in offline analysis (eliminate combinatorics from PV)

| Most efficient triggers (the lowest p; thresholds) on dimuon
pairs e.g. Jly—utu -, y-utu, ...
A ©  \We do trigger on purely
hadronic detached

vertices, but with lower

collision point _ Vertex T efficiency (higher p;

Detector & L thresholds) — unique

" feature at LHC!

Thu. 09 Aug 2012 05:53:58 Ay

.. We have Jly—utru-
and Y—p*u-triggers

' | with no detached
vertex requirement; we
can do promptly
produced channels with

Attention: lots of other tracks from PV not shown! them
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S il | HC
Rare but typical LHCb event

[ '“&t. 3,

(event with 2 PVs) : =
kil Contains B;—pfu

440

NN t 14.6. 2011 18:57:08
e Run 93593 Event 1179897868 bld 1140
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Efficiencies and backgrounds in LHCb
Assuming the final state is triggered on!
The detector works the best for all-charged final states (nt,K%,p,p,ut):

— absolute reconstruction efficiency per track lower than at e*e- B-factories; lose efficiency faster when
increasing final state multiplicity

— channels with dimuons cleaner than without them
— channels with kaons (to lesser extent with protons) cleaner than without them
Efficiency penalty for Ko.—n*n and A—pm:
— forward boost is not helping in detecting them; they live too long:
— once they decay beyond the vertex detector, momentum resolution is poor, combinatorics larger

— we reconstruct only a fraction of them, K°/K* penalty is ~ 1/10 (much smaller penalty at e*e- B-factories)
— can'’t trigger on them

Efficiency & background penalty for vy, n% n:

— we do have electromagnetic calorimeter, but its granularity is very coarse for busy forward direction at a
hadronic collider, energy resolution not great (cheap technology, lots of radiation length in front of it)

— efficiency drops quickly with energy (difficult to do n° from high multiplicity decay)
— difficult to detect more than one

— 7n%n* efficiency penalty ~ 1/10 or more

— backgrounds are high and increase with decreasing energy

No K%, n

— we do have a very crude hadron calorimeter, but used only in low level trigger, no hadronic clusters in
offline

— perhaps could do them as a “missing particle”, reconstruction ambiguities and large backgrounds
e not as useful as | (lose them to bremsstrahlung in the tracker)
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Data mining

 Offline analysis includes “stripping”:
— large reduction in data volume before accessible for physics analysis.

— essentially a software trigger run in offline:
« however, unlike online trigger it can be redone.
 occasional restriping with refined offline software and possibly new
stripping criteria
— inclusive “stripping lines” J/iy—uu-, v—-uu-, YOW-uru-
« when J/y, vy’ are detached then much lower p; cut-offs (better efficiency)

« all event info (all particles) in the event accessible in offline analysis (“full
DST”)

« we can easily mine utu~ + hadrons final states

— exclusive “stripping lines” for everything else:

» only selected final state particles are accessible in offline analysis (“micro
DST”)

* pretty tight “bandwidth” limitations per channel: have to decide on most
important cuts based on simulations and small test samples (for bkgs)

 to select a new channel, must write a new stripping line, test it, get it
approved by Working Group, wait for next stripping campaign (often many
months)
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Prompt signals

LHCb Eur. Phys. J. C72, 1972 (2012), arXiv:1112.5310

L "% Heop
> [~ ! 565162 events
s = y(2S) X(3872)
2 1400[-Ns =7 TeV n ol oy=3.3 MeV
o [
% 12000.035 fb
E 1000:_(2010data) 500
I.IJ - h M
. BDD_— 3850 3900
« Prompt signal are hard at . X(3872)
LHC: 600— ;
— we only trigger on 4nuf— _ !
prompt J/iy—utus -
; + e 200
WU, Y Ut r
YUt Y e v
ol HH 3%0[] 3700 3800 3900

+ 2
_ Combinatorial background from ,K*,p produced at PV is huge M¢/¥ ™ ) [MeVic’]

 the only exotic candidate we have been able to see in prompt production so far is
X(3872) »mrnJ/y
» backgrounds are much higher for Tn-Y; even Y’ —»ntnY is barely doable (Ys are
heavier — softer transition pions — higher backgrounds)
« we have tried and failed to see any Z,* states
— DO has recently claimed observation of prompt production of X(4140) —¢J/y at
Tevatron. This is very doable in LHCb.
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entral Exclusive Production

Various types of pp collisions at LHC:
W LHCDb coverage (approximate)

% ; ﬁ hard core

Single Diffraction b (gap) ]
% THINUETYET P = CEP events:

Trigger on and reconstruct

Normal data

e
Double Diffraction (9ap) il - a handful of particles
p = (muons, hadrons, photons..)
P
iy

Central Exclusive p (9ap) ‘fﬁﬂp} p 4 ‘/
(elastic) p )
Central Exclusive p (Ql
(inelastic) Y sl \ CEP backgrounds:
p p B reject events with
] - -

Elastic Scattering (gap) ' P additional particles,

T S S P - usually very forward

n

N Al . “nN L
0 5 D o 0 5
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CEP triggers
Backward tracks>0 Backward tracks=0 )
g f e, : E - ) : 73
- 2o . LHCb 3 §%% e LHCb 1 3
S e Dot | ¢
triggered Eul . EAE 3 R ]2
events ok 7 T ‘ i 5
SM:E_. L .r.-'O--- ‘__: ag L i --.Tllu.. ___E
’ N Humber ;Iorward h'acl:: ‘ * Number ::f'forwﬂrd track:
CEP candidates Invariant mass [MeV/c?]

il

it

VELO RZ V|eW 5022002 IU'.'I:‘E

Run | 37742 Event 1824718177 bid 146

« Special low-multiplicity no-backwards-tracks dimuon triggers were deployed for part of Run |
— Can do exclusive mtn-J/y, look e.g. for X(3872)

« Later also extended to dihadron lines (x,, >K'K-,n*n")
— Plan to study charmonia decays to 2-4 body final states

« More opportunities in Run Il (but not after the upgrade; too many pp interactions per crossing)
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Heavy ions in LHCDb =

* In early 2013 LHCb collected 1.6 nb-! of pPb and
Pbp data (syn”2 = 5 TeV)

LHCb oE] LHCb

K K
> 120 _ - > -
% - L pPb |5, =5TeV - % goh pPb s, =5 TeV
o 1001 Y=l 1 3 7of
b i 1.5<y<4.0 - © =I J 50<y<-25
L 8o : p,<15GeVic - Q 60 p, < 15 GeVic
w B 0 50 p
@ - @
w© 60 ] . © 40 { ' T
2 . Y —utu- . 2 E ~[-
€ 40 . HH 1 B + £ {.
O iy + : ] QO 20 + T
2084 = 2 ] 10 P o TPt
0 L 1 1 -l-":l ..‘a et | B A L 1 1 0 1 1 ] FRPTLE l‘u 1 -"l 5 PEPCLT L 1 | L
9000 10000 11000 9000 10000 11000
m,-,- MeV/c’] m,.,- MeV/c’]

* Plan to take peripheral Pb+Pb collision data
(multiplicity too high in head-on)
* Not clear if have any potential for exotics?



2900

LHCDH LHCb Tetra- and Penta-quarks, T. Skwarnicki INT, Nov 2015 16 >
X(3872) — discovered in 2003 i
r AT B—X(3872)K, aBar
Belle B—X(3872)K,
200 |- \If(2%3 PRL 91, B X(3;72() 5 J/)wpo’ (isospin violating decays) X(3872) — J/yw, PR D82,2
> [ oy 262001 (2003)] p°> ', Jy—>1T- oo, Y- 011101 (2010)
S : i b2 53 F
g_ 200 - T — FX(3872) <1.2 |\/|eV % 1sE -+ :mg [S)ngzg L 9 _
(=} B _ = s —R8° OJhy
g = 3417 events 1 very narrow <+ 10 (G 68|/°) | -I---t-“--------. 1++ r
& 100 |- X@3872) 2 SE ey P (CL=T%) 3
5 Y L . i . 3
0 st S50 P 0.74 0.76 7 0.78
M(x* 7T — M(IT) (GeV) My, (GeV/c?)
23p
4000 - Ti 2§P12++
3900 - = MM, 2'?9 1"Dz+ 1% 1 X(3872) “ionization threshold” MX(3872)_ [Mpo+Mp+o]
e DD e BB et T for states which cannot 22 01140.19 MeV
3800 |- _ decay to DD: 1++,2-+ e .
............ qasenmne DD “ionization threshold” / Mass |nd_|5t|ngU|Shab|e
70051 25 - from DOD*? thresholds
4%600 — E p 2 X
o i nQ/ 1'P, ~rC 13P,
3509-"‘/ h 13P1
- C 43
7 Tsaoor 1°Py BaBar data preferred JP=2+
3300 - (without ruling out 1++) from the
orJ) shape of m,_distribution —
7 _
st : n(1'D,) cT state?
3000 1 180 ?
Me )
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Helicity amplitudes for
B*—X(3872)K+, X(3872) %XJ/\V S Jhy—utu, po i
rest rame

A —particle helicity
(spin projection onto its momentum)

H A, / P rest frame

@i A = ¥ M*\/"W oD

4 ’ ==Ll B rest frame analyS|S
Helicity couplings: / /K/
nuisance parameters QA =(6.6,.0,,A0, ,A9, )
M=) > AJX Dgw(o 6,,0) D; ; (Ad,.6,.0)' D; ,(Ag,.6,,0)

A,=—1,0.1 1,=-1,0.1
J S L S
JX _ Jy v p
A ZZBLS( _/1 /1.,, /IJ{O /’Lu,_/lp

z//

Jy | Clebsch-Gordan
coefficients

7, =T, <8<, +1J,

S=0,1,2

I, —S|<L<T, +S Number of B, coupling equals number of

P =PBB,(-)" = (-1 independent A,,, ,,, couplings (1-5 depending on Jy) —
(P-conservation no gain, unless high L values neglected

since strong decay)
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Determination of JFC for X(3872) LHCb 1 fb" (2011 data)
313126 events

A 2 :
1?;2?67391/;%3 3 x 1D = analysis J/313/173 = 1.3 small gain is statistical errors
PRD84(2011)052004 (L:me) 5D unbinned likelihood

ratio analysis

1**:no B,y couplingsto fit 27 o, ,=B,/(B,+B),) =(0.64,0.27) a,,=(0.671+0.046, 0.280+0.046)

—

i: Feor o =7 BB, =156 - .1(].3| S
: e | = raof: HCb -
n + - % F PRL110,222001 (2013) L .
— = S — 1 : wof :
= @ £ Simulated J°=2"* Simulated J"°=1" ]
I : 2 3 toof- .
“f_ | | k R — =t ‘g 80:— _:

LK oz 03 04 035 06 or ['E] [E:] N IDOSB[I g 60 :_ _:
so_ JPe=1" g ﬂg— F=2" BB, = 156" 40 E— _;
+ = ey | 2F \\ //; E
:?: m:; I__I_ 0'.. ._200.. " ._1:30. N " [I].. N .100. P -+2(|]0.++.'
e e likelihood ratio  "=*"*
""" A gy W e Very clear separation between 1+ and 2+
- — ~ — The data choose 1+*
snE_ J=1 2 ﬂ%— J€=2" B,/B,, = 1.5¢
PN PP l - - .
i :|—4—|+ _+5FI_ - ltis important to analyze data
T | ] in all sensitive dimensions
I ozr-rece B S OIS T simultaneously. Angular

[coshy '

correlations by far more

Could not distinguish between 1++ and 2 .
g powerful than 1D projections.
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% 2015 update to X(3872) JFC determinatio
e - LHCb 3 fo! (2011+2012 data)

1011+38 events (a” L Va|ueS allowed)
_PRD92, 011102 (2015)

} Bis
w5 JEC all ], minimal L
e 0" Bn B
LHCb 2015 0" Bo, B o CDF 2007
1=+ By, Buy. Bz, By Byg. By, Byy
1™t Bu, Ba, B2 By

9+ By, Bu Ba.Ba  ||Bu.Bu LHCb 2013

2%+ Bya, Bag, B2y, Baz, Bz || Bpz

Many more 3=t Bia, By, Bay, Bag, Bsy || Bro
amplitudes to fit 3" By, Bxn.Bu. Be By, Bn g - — — =
P 4=%  Bai, Bas, Br, Bsa By, By 2 S=0 St =0 =1
4+t Bzg B.m. B-u. B-J,;-_. BﬁQ B;_ig -%ma- Mt T alt 44 -
3 J3'=0 :_.,{ - A J3'=0 /}
r : il
T T T T T T JI' L E' 'L
1500 - - i _' H [y
JFC=1++at16c ([ 7= T

LHCb 3 fb™ -
-2In[ L(J;")n.(f*) 1

Candidates
>
=
L i
T T F
1 1
Experiments / 25
i3
S,
]
™
[ |
T

TR S s [ M) ] d2
_"' 1ttt L}: .
LHCb J IM(D)s4p|” dQ

- data ] <4°/o at 950/0 CL

m
&
[+]
o
[7:]
&GD
=
8 H
;:_"",:p i
[
> o
]
—
4
[
-
o= -

JPC=2_+ JPC=1++ - JPC=2++ J'P(_‘= 1++

J;It= 2++ ;*

-

=

=2
[
T
1

Candidates
>
S
+;
} T
1
Experments / 25
15}
=
]
: [
xB
W
N-}
-
ﬁrn—:‘““"
[ |
T
1

& H 8 T PC e g
9 - . o
P J =3 J =1 J =3 J =1
2
1504 gma- alt_ -+ T alt_ o ++ E" 7]
2 2 - _ %
Jt=3 T =3 l
i ’
o s
=100k H
o’
% . Kl i
8 sof 3 Feat = T S =1 ]
-%mﬂ- - -
alt_ 4+ & L alt_ 4+ i
g Jil=a" j..k Ji'=4 _T
H [ |
i1t [ e H
H 215
-1000 - L) =100 U 200 1000

™ =i
likelihood ratio
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BN DoAiative dorave ~f Y16
Radiative decays of X(3872) Iin LHCb

LHCb-PAPER-2014-008 arXiv:1404.0275 Apr. 1, 2014

B+—X(3872)K,
X(3872)—w(2S)y

Projections of 2D fit to m, ., vs

LHCb Tetra- and Penta-quarks, T. Skwarnicki INT, Nov 2015

Candidates /(15 MeV/ %)

1500

B+—X(3872)K,
X(3872)—>J/yy

Candidates /(10 MeV/¢*)

500

1000~

57 53 5 R - SE—
T 3ppyE [GeV /T
T [ 36.4%9.0 event o
g 30 4 4 - i\;e8r;2$ ® - 591+48 events X(3872) LH(;']}]:
= [ 440 (3872) Z W26 5
7 20F c n
ks u _ £ 200
O C LEET _ 2 100
P‘ D _+ L ,..-FF,‘_‘ et = T ,- -| . ., ) -, - C - _
9’ 38 39 T T =i S
E Ty (9S)y [GeV /c?] 37 38 39 4 41
o M JApy (GeV /7]

The most significant evidence for X(3872)—y(2S)yto date!

efficiency(y(2S)y) / efficiency(J/yy) ~

0.2

Detecting soft photons at hadronic collider is hard.

—
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Radiative decays of X(3872) in LHCb
Signal events: Signal
B+—X(3872)K+, significance:
BaBar2009 PRL 102 (2009) X(3872)—wy(2S)y, Jyy w(2S)y, Jyy
B "92011 RLior«' (2011) 091803 1t BAZ1S 230804 3.60,3.50
50% L LJL 5 505, 30057  0.40,4.90
A 201?4 LHCb 36.4+9.0,591.0+48.0 4.40, 120

N N T T TN I T N T T N N S TR TN N N S T Y TN N A T T |
0 1 2 3 4 5 6 7

R

yy

BR(X(3872)—y(2S)y)/BR(X(3872)—J/yY)
— 2.48+0.64+0.29

« The LHCDb results are consistent with, but more precise than, the BaBar
and Belle results:

— LHCb can be competitive on simple final states with neutrals in spite of large
backgrounds

« Consistent with the expectations for x.,(23P,) state
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X(3872) interpretation

23p

4000 21P, 2§’P=|2++
o o5 dL S0 X(3872)  Myg7z) — [Mpo+tMoro]
=-0.11+0.19 MeV

[_)*O
L=0

] = Meson-meson molecule?
%.(2°P,) “attracted” by D°D*° threshold? essentially no binding energy?

f

mixture?

@ tightly bound tetraquark “attracted” by DD* threshold ?
@ e.g. L. Maiani, F. Piccinini, A.D. Polosa, V. Riquer, PRD 89 (2014) 114010

[cule.. [culso + [culs., [CU]s.,
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Future studies related to X(3872) =

 We can have the best measurement of its mass,
possibly the best limit on its width.

« Other modes with B—»X(3872)+..., X(3872)
—>rrnJ/y. Some may be worth amplitude

analysis to see if contain exotic candidates
decaying to X(3872).

« Other decay modes of X(3872) e.g. oJ/y, DD*
(hard!)

* Production in CEP or heavy-ion data?
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LAY
. X(4140) in B*%J/\VQ)KJF
41431_2_11 |\|\//I|e\\// extrgipolated 1 _ ——
I'=15+10 Me
"-‘:9_10 LHCb 0.37 fb"!
= - > PRDS5, 091103 (2012) | -
= 8| 5 Tes2MeV cnhE 2 K, 24 disagreement No evidence
S TR
% 3 PRL 102, 242002 (2009) ~ 6 - for the narrow
3 arxiv:1101.6058 g . X(4140) in early
% v 4 LHCb data (1/10
= 2 or ih 1Lt of our data)
.-E © bt
2 0!
S LT
. 100ﬁ 1100 1200 1300 1400
ue) [GeVic?] M(/y0)-M(JAy) [MeV]

4148.0i2.4i6.3 MeV
'=28+24 MeV

CMS, nl.sl 7TeV, |L.5. 21 1| PLB7C|34261 (2014)

—+— Data

m— (Global fit
Three-body PS (global fit)
. +1o uncertainty band J
. — — Event-mixing (J/w, ¢, K*) 7
Event-mixing (Jiw, ¢ K¥) 7
1D fit

[ ]
(=]
=]

]
]
(=]

_>5(5

Mo
[=]
(=]

N(B*) / 20 MeV

"-ﬂ---\.:."

:I'_+'|—'III|.' I'!I.II|IIII|II

(background subtrac’[edll1 59 0+4.3+6.6 MeV

I'=20+15MeV. . PRD89,012004(2014)
L D@ Run 11, 10.4 fb™ +Data (C)| Ayl these naive
% 60_‘ —Full Fit analysesh
i assume that
= i -= X(4140) non-X events
Q 401 -~ X(4330) conform to 3-
- - body phase-
—~ [ --PHSP space and do
0 20+ not study
E L - L systematics of
- r— this assumption.
.. I P

42 43, 44 45
M(JIVK'K) (GeV)
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Br—J/woK*
« 6D amplitude analysis of 4289+151 events 3 fb! in
progress
« Difficulty: dealing with high mass region of K* resonances

n= L, J7 My, Candidate PDG state AM = oK
Name Meap T Mezp — My decay?
States below the ¢ K+ decay threshold
115, 0= 470 K+ 494 42445 below threshold
138, 1= 900 K*¥(892)* 802+0.3 51+1 —8+5 below threshold
197, 0F 1240 K;(1430)t 1425+ 50 270 + 80 +185+ 50  below threshold
1P 1+ 1340 1(1270)F 1272+ 7 90 + 20 —68+9 below threshold
18P 1+ 1380 (1400)* 1403 +7  174+13 +234+9  below threshold
1°P, 2t 1430 K3(1430)F 14261 098+ 3 445 below threshold
218, 0~ 1450  K(1460)%  ~ 1400 — 60 ~ 250 —204+30  below threshold
235, 1~ 1580 K(1410)* 1414+ 15 2324+ 21 —166 + 16  below threshold
States above the @K+ decay threshold (1513 MeV)
13D, 1 1780 K*(1680)* 1717 + 27 3224+ 110 —63 + 27 possibly seen .
1'D, 2= 1780 Ky(1770)* 1773+8 188+ 14 749 seen Thomas Britton
1°D, 2= 1810 K,(1820)* 1816 +13 276 £ 35 +6+ 14 part of K»(1770)7
1°Dy 3 1790 K 5(1780)*F 1776 + 7 159+ 21 —14+4+9 no data
22P, 0 1890  K3(1950)*+ 1945 + 22 201 £ 78 +55 + 22 forbidden
(bOId font - We” 2'P, 1t 1900 Klglﬁo[]) 1650 + 50 150 + 50 —250 + 50 seen, 18407 .
estab“Shed PDG StateS) 2P 1+ 1930 see entry above , MaSS range VISIbIe

2P, 2+ 1940 K;(1980)* 1973 +£ 26 373 £ 69 +33 £+ 26 seen H 1 1
315, 00 2020 K(1830)F  ~ 1830 ~ 250 —190 seen In thIS analySIS
35, 1 2110 1910 £ 40 500 £ 200 —200 £ 40 seen
1°F, 2+ 2150 part of K;(1980)7
1'Fy 3t 2120 possibly seen
13Fy 3+t 2150 possibly seen
1°F, 47 2110 K;(2045)F 204549 198 + 30 —65+ 10 no data
States right above the maximum allowed in Bt — J/iy K** (2182 MeV)
2°D; 17 2250 no data
21D, 2- 2230 K,(2250)* 2247+ 17 180 + 30 +17+ 18 no data
22D, 27 2260 no data
2Dy 3 2240 no data
13Gs 57 2390 K:(2380)F 2382+ 24 178 £49 —8+24 no data
1'G, 4 2410 no data
PGy 47 2440 K4(2500)* 2490 £ 20  ~ 250 +50 £ 21 no data

13G5 3~ 2460 no data
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W =
Z(4430)" discovery and its importance
Phys.Rev.Lett. 100, 142001 (2008)

Observation of a resonance-like structure in the =
distribution in exclusive B — K751/ decays

1" mass

last update: 071113

=Top *FressRelesse =this pege

Press Release

Belle Discovers a New Type of Meson

MNovember 13, 2007
High Energy Accelerator Research Organization (KEK)

charged

D F

neutral
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Belle 2008
1D M(y'nt) mass fit

— (K vetoregion”)
PRL 100 142001 (2008)

Events0.01 GeV

4.05 i 1;]3::13 ) 4.55 4.8
M(Z)=4433+4+2 MeV
[(Z) = 45515 MeV

significance 6.50

Ad hoc assumption about
the K*—>Kn~ background
shape.
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BaBar 2009

Harmonic moments of K*s (2D)
reflected to M(y'n")

Belle 1D

PRD 79, 112001 (2009)

| — y(28)mK moments
== JlynK moments

0

=

=
T

0 ' , |p‘-’%w ]

i

[
=
[

I"l ?h f .uliJl

Bkg. subtracted efficiency corrected

I
L

|

Ll

.ill:m

.'.
\
Dﬁ% "a -
1]
W

‘ .

il

0.||||||I|||I||

42 44
M(y'n) GeV

4.6

4.8

BaBar did not confirm Z(4430)

in B sample comparable to Belle.
Did not numerically contradict the

Belle results.

Almost model independent

approach to K*—Kn~
backgrounds.

Z(4430) previous measurements

Events / 0.17 GeV?/c*

27

[V =w(2S)] >

Belle 2013

(2D amplitude fit in 2009)

4D am Iltudg fit

(subsample with ' —>/

0.996 GeWg < M(Kn) < 1.332 GeV/c?
(“K* veto reqgion”)

PRD 88, 074026 (2013)

)
||LJ'.I

300
- With Z(4430)
251

200

150

|

5

|itetetetetetetetels

15 16 17 18 19 20 21 22 23
VF(y' x), GeV?/c!

M(Z)=4485" % MeV
[(Z) = 2004 22 MeV
6.40 (5.60 with sys.)

JP=1+ preferred by >3.4c

O:

Model dependent approach
to K*—Kn~ backgrounds.
Higher statistical sensitivity.
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Z(4430)* in LHCb

LHCb-PAPER-2014-014 PRL 112, 222002 (2014)

e BlswyKin, v—ptu (3 fb)

VS
Belle: 2,010+50
BaBar: 2,021+53

LHCb

1800
1600
1400
1200
1000
800
600
400
200

—
25,176x174
signal events

bkg (4.1£0.1)%

vs. bkg in Belle: 7.8%

Candidates / 1 MeV

sideband sideband

5250 5300
M, [MeV]

An order of magnitude larger signal statistics than in Belle or BaBar
thanks to hadronic production of b-quarks at LHC.

Even smaller non-B background than at the e*te experiments

thanks to excellent performance of the LHCb detector (vertexing, PID)
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m3.- [GeV?)

)

ol

0.02 GeV

(

—
Lh
=
=

Candidates /

2000

b
BO{(—I

10

wn

LHCb
0.5 1 1.5 2 27.
8?2) mZ.  [GeV-

tn L

[

1000}-

500

0

2'11:‘ 2]
Kaon excitations 8

//&\
oo ':"':
e
o +
20 21 m222 [Geéé]
Tetraquark

19

LHCb

|
=
=
w

L
=4
=
:APD T°0) / sdrepipue)

(

Is it a reflection of
interfering K’s — K- ?
Proper amplitude analysis
necessary to check
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Amplitude Analysis of B'— y'n*K, w’eWP

- ¥

Ad, =1
B rest frame

2

x « |2
M(m,_,QI| Af;'f’Kn ) My,
Q=(0..6,.A¢, )

4D
analysis

1 mass, 3 angles

K rest frame

W rest frame

* —SwKk” JK* * *
My, =2, 2 A" D(0,6,.,0) R(m \M .. T D, 4, (Ag, ..6,.0)
" Qz_l’o’l / Breit-Wigner

| . i d L L Blatt-Weisskopi
. - mpli ; ~ P\ q i
1-3 independent complex helicity amplituae BLB(P,PO,@(MJ BLX(q,qo,d{mj o 7 functions
. X _ B _ q X p' 2
couplings per K, resonance RimIMy.T'y)= M. —m =M Tom) r(m)_rx(%j 5, (4.,.d)

n=0":K,(800),K,(1430), NR; 1 :K (892),K (1410),K (1680) 2" :K,(1430) (3" :K,(1780))

# of fit parameters: 32
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Amplitude fits without Z(4430) =

—

500

Candidates / ( 0.2 GeV?

# of fit parameters: 32

(“all data”) (“K* veto region”)

1000

LHCD 4 +++ }

200H1.0 < ml‘;_n_ < 1.8 GeV?

—-®-data '

| —=—total fit

K (892)
—"'—K'S-wave
1 —— background
K (1410)
K (1680)

1 ——K(1430)

Candidates / ( 0.2 GeV? )

100

R i i il M B e s I
16 18 20 22[

« The %? p-value < 2x10°

U

* The data cannot be adequately described with the
J < 3 K* contributions alone
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Amplitude Analysis of B'— 'K, v’ eu;P

-y ’

Ad,=—11

lA/l o

. |12
M(m,_,Q IMZ,FZ,JZ,AAZ:W, Af;‘”’fn) ML,

K*

B° rest frame

W rest frame

4D
analysis

1 mass, 3 angles :
all derivable from the K variables Z rest frame

Mg = AT Dy 5, (0,6,,0) R(m, | M ,.T,)D; (Ag,,.,6,”,0)

Ay = —101/\

1 independent complex helicity
coupling after L=L,

# of fit parameters: 32 + 4 =36
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Amplitude fits with JP=1+ Z(4430)*

Tetraquark <o

|

@
(29

—& data '

—=— total fit

—— 7{4430) excluded
K (892)

—— 7(4430)

— I\Ei S-wave

—— K,{1430)

—— background
K (1680)
K (1410)

Candidates / ( 0.2 G

n
[
T O T T

N

0

--=-=-total fit with no Z{4430)

8
S 600

Candidates /
=
[ ]
o

[§]
]
<

* The y? p-value = 12%

# of fit parameters: 32+ 4 =36

o4

2103

0.02 G
S,

Candidates / ( 0.0

all data”)

o L

e

B :

S1000

=

S

5

500 =
- LHCD 1
R ==
100 0 100

—

—
=

=(log) § LHCb -
= ."-,‘
m_,ﬂ\.m-r-ar&s:»Mymmoe.ymww-vpmmnw.mw'Ww,w_ ]
o s % o,
| Cak ood,:;u’ﬂwm : = v
o e

3 Kaon
«—— 7 excitations

A0 [degrees]

« The data are well described when JP=1+ Z(4430)* is included in the fit

« Z(4430)* significances from A(-2InL) is 18.7c (13.9c with systematic
variations)
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Candidates / ( 0.2 GeV? )
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W )
Amplitude fits with JP=1+ Z(4430) —

i ' —.I—da{zel . i N>_) B 7]
—=— total fit q - -
80 __ LHCb —Zl:'4430)'excluded__ g | LHCb i
L K'(892) i ! 1) a2 72 |
C 2. <07 GeV? — K Somave ] S 200 —1.0 <mz. < 1.8 Gel
T T et . + | “K*veto region” ]
¢ ” —— background — w - .
60 ~below K*(892) ] g #2(4430)
- K'(1680) . = i including T
L —— K(1430) 1 =
40 -] = 100
- . ]
0k _
. T e 1 o L el T e
0 L -, i 18 ' ""‘“‘1"“;’4-:0—- jlz L 16 18 20 5 22[(} _\_ ]
2 2 5 . mZ. [GeV-
m}- [GeV-] 10 v
=5 » Z(4430) -

LHCDb
40007 <mz._ < 1.0 GeV?

K

:“‘K*2(1 430) and above”

200

16 13 20
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Z(4430) parameters: LHCb vs Belle

—

Amplitude fractions [%]
(statistical errors only)

Contribution | LHCDb Belle
LHCb Belle
- S-wave total |10.8 £ 1.3
M(Z) MeV] | 4475+ 771 4485 + 22+
NR| 0.34+08
,. ~o o 19437 141+26
[(Z) MeV] | 172£1375; | 200756 g5 Kz(800)| 32422 | 58+21
fz %] 59+0971% | 10.3+39+13 K;(1430)| 36+11 | 1.1+14
14 (%] 16.7 + 1.6+2'§' K™ (892 501409 |63.8+26
(with interferences) -
K5(1430) 70404 454+£1.0
Significance > 13.90 > 5.20
K{(1410) 1.7+08 | 4.34+2.3
(new |arge Systematic }—{f(lﬁgﬂ) 4,'[] :l: ]_5 —14 :l: 19
effect included by LHCDb) )
Z(4430)~ 59409 1[],3J_r§:g

(not in the default fit K*;(1780) 0.5+0.2)

« Qverall excellent consistency between LHCb and Belle
« Errors substantially improved
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Z(4430)* spin-parity analysis Belle
260 -~

PRD 88, 074026 (2013)

-~ ] F 1
g 300 C T T T T I18(|$ T T T T ] E 45:_ Yalue in data .
— u using a LHCD ] E - _
~250F o2 3 5
g B Simulated Conservatlr:/e ] o
o = experiments ~ 2PProac Data 3 3
=200 Et=0 = Q
= - ] =
= u ] >
2 150 = =
_8 - Simulated -
2 N experiments 3
2 100~ B=r ~
50 =
0 L— L .
-200 0 200 400

A(-2InL)

Including systematic variations:

Rejection level relative to 1+
Disfavored JP LHCb Belle
0- 9.7¢ 3.40
1- 15.80 3.70
2+ 16.1c 510
2- 14.60 4.7c

« JP=1* now established beyond
any doubt
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Hadronic resonances — Argand diagram

Forced harmonic oscillator: d
m

IVIZN(’O(C)1t

dt

resonant

160
140
120

100

Phase or magnitude-squared

180 ————"—T—"—TT—Tr T T T

frequency:

t— o0

dx Restoring force
= — kx

Dampin%forcei Driving force
X
- b= — F, cos(m 1)
dt
. b h
:\/E dumplng y=— driving pljge
m  factor: 2m frequency

F,/m \ )

x(t) >

?8 t &80
55
AZ(m, )~ ! = |AZ(m,, )| €' Myr)
ym MZZ—mqmz—iMZFZ ym
1
Z 2 ~
|A (mqﬂr)l (Mzz_mqmz)z"'(Mze)z
M.T Breit-Wigner
(p(m ) = atan Z_Z amplitude
Yy MZZ _ mqmz
¢ mw ~ 0, driving frequency

° MZ ~ (M, resonance frequency

« I',=h/t,~7v?2 dumping

factor (mass indeterminacy)

\/((DO2 - (’Oext2)2 + (27(Dext)2

cos(o_ . t+ @)

2.0

Im A<

1.6

1.2

0.8

0.4

0.0
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B~ 0 A cmcrAd Aimarmen
Argand diagram of Z(4430) -

« Thanks to the large data statistics LHCb has been able to
extract Argand diagram of Z(4430)* amplitude from its
interference with the K* amplitudes:

w rescattering
g (25
| Breit-Wigner rules out D= w(25) model

2 2 . amplitude B0 ot P. Pakhlov. T. Ugl
. . 5o . Pakhlov, T. Uglov
M 7 mw, - M ZFZ D (2S .  PLB748,183(2015)
I T \r T T T T T17 I mllfl?[." T I 1
N 20
i = 4277 MeV - A
<o,L LHCD 4344 _ ] =
L n t'h
I _; 3 <
44117 : =10
)
ey
<
N
<7
=0

_1{}||||i|||||||||
-10 0 10 20

Re(A,). arbitrary units
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More than one Z—y'n?
LHCb-PAPER-2014-014, PRL 112 (2014) 222002
(“K* veto region”)

- w4 {1 '+ Argand diagram for
LHCb . the Z, is inconclusive
lO mg. < 1.8 GeV~ .
* No evidence for the Z,

In the model
iIndependent approach

« Need more data to
clarify!

2
-
CD

Two Z
x? p-value
=26%

100

Candidates / ( 0.2 GeV?*)

D 1
My, [Ge\]

M(Z,)=4239+18"* MeV

J'(Z,) =0 preferred
[(Z,) =220+47""% MeV

over 17,2",2 by 8o
fz, =1.610.57, % (660 +150 MeV wide 1*
fZIO =24+1.1°] % cannot be ruled out)

60 significane (with systematics)
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Previously confirmed Z_* state: ZC(3900)-'=
ete” —»Y(4260) — n(nrd/v)

BESIII: 525pb1@4.26 GeV 5

o, 100} BES"T t::::|1i| C\;gj 1.4; 4.5
o | 1.2 4
= i . . ==» Background fit (] B
> 80| Significance PHS:MG CI: 35
O : >8c + [ sidetans — n 3
— B e -
g EUZ oy B 0'85 25
:L; 40:_ +I 'I T | NE 06: 2
E 20:' - R § 0.4F 1-5
- | 0.2F 0.5
0 -
7. 38 39 40 Q0 11712 13 14 15 16 17 18 °
Mmaxin'dfw) {GEWG } MZ(TC-'-J/\P) (GeV/CZ)Z
<0 . BESIII: PRL110, 252001 (2013)
o data
& —Fi
> : . T * M=3899.0+3.6+4.9 MeV
N maie + T'=46+10+20 MeV
= o
S LE Belle: PRL11t |+ 307 +48 events
2 : 252002(2013, _ _
I B 6) L S | (no Argand diagram analysis)
W 10R/ Prded
oS8 39 4 a1 42 2416 MeV above the DD* threshold

Mo (/) (GeV/c?)
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/Z(4430)* and other Z_*+ states
« The only threshold still at play for Z(4430)+: DD(2600) if D(2600) exists

(needs confirmation!) and if it is 1- states (23S,)
« Other charged Z_*,Z,* states are near DODO, BOB) thresholds

1500} Z(4430) DD(2600) 1* ? |
. A i D* 5 * 5 A Radlal
Radial 0- 1->~3 || excitation
ot = | Z5(4250 Lo
eXC.I’[a’[IOI’l E Z.(4200) 220 g:DD: Of the BS-I
of tightly =) meson
bound g 74020y £13050) D.D; inside
tetraquark || = oo pror meson
Z 39067 D,D.
: c boe 1+ molecule
Tetraquark _ . Molecul
Well established o olecuie or
@ ' (>1 experiment) threshold cusp
©o) 09—
Diquark states can be “attracted” Meson molecules should be a few MeV below the threshold,
towards the mesonic-pair Meson-meson cusps alone should be exactly at the thresholds.

threshold masses .
Z.(3900)* is 24+6 MeV above the DD* threshold (favors tetraquark picture)
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Belle 4D fits to BO—J/yn*K- Z(4430)* companion : Z(4200)

Belle
arXiv:1408.6457
Phys.Rev. D90 (2014) 112009

7+ K0
B—-J/wittK-

V% 5.1o

Z.(4430) (0.5
1.

5+0-4
Z:(4200)* (L9751)%

JP(4200)=1+ preferred
by >8.60

M(4200) =4196", ©7 MeV

['(4200) = 3707 %5, MeV qouf

Observation of Z(4430)*
in the 2" B decay!

Z(4430)* mass and width
fixed in these fits to the
BO—y'n*K- results

1.2 GeVc* < M(Kr) < 1.432% GeV/c*

‘r(.}
o 180
L %% Belle
& 160
5 140
N
S 120
£ 100
2 80
60
40 Z.(4200)*
20 Z.(4430)*
Olﬂl'||l|lll|lLJJl. e o
12 14 16 18 20 22
M(Jhw.m). GeVZ/ch
Argand plot for H1
_ e Z.(4200)*
0.06[- R 4.104
i ZZa [
i Belle \
0.02 4.750
3.642
o Jﬁ [ 3.919
'0.02__|||| | T R N N N
0.05 0 0.05

Events / 0.254 GeV?/c*

42

| —

1.432% GeV/c* < MA(Km) < 3.2 GeVi/e*

—
N
o

-
o
o

60

40

20

Belle ]\ *

% (4200):
Z.(4430)
18 :20'- 25

MP(J/w.m). Gev/c?

Argand plot for HU

12 14 16

0.2F

r 4.750
ot S N PP
i it JF 3.919
L N A4
- \]'3.64

Z_(4200)*

D_
B A \
0.1 \\ Belle
C A
i Y| 4,473
-0.2
03 | | | |
0.3 0.2 0.1 0 0.1

(In the LHCDb fits, we neglect D-wave in Z(1+) decays: H,=H,)
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RS Future studies of Z(4430)* =
 We have 10 times more data than Belle for
B—J/yntK
— We will analyze it to verify Belle’s results
— Possibly contribute to K* spectroscopy at high mass
— Likely to be published together with reanalysis of
B—y'n'K (lower ¢y’ mass region?)
 We can improve B—y ntK results even without
new data by adding v’ —»rnnt-J/v (1/3 of the

—utu-sample), but is the complication worth the
effort?
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LHCb A.'— Jy p K

{ LHCb-PAPER-2015-029, arXiv:1507.03414, PRL 115, 07201

&

2000

Emm} é////////,,,
< F  LHCb ~=- data
3% Runi — total fit
T - u — signal
© 5000 3 fb! + ----- background
W
4000}~

Nathan Jurik N iT

will graduate - 0 .

from Syracuse 3000~ A, signal

in spring 5

1000 —

sideband sideband

—

26,007+166
A2 candidates

| —

The background
is only 5.4% in
the signal region!

The sideband
distributions are flat
— No major
reflections from the
other b-hadrons
after the selection

500 8600 5700
\Assist.Prof. ‘ mel#pK [MEV]
Liming Zh .
il i « The decay first observed by LHCb and used to measure
g aecay y
(previously at AL lifetime (LHCb-PAPER-2013-032, PRL 111, 102003)

Syracuse)
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AL— JypK-: unexpected structure in m,,

Yp o
& (1 S\~ % X
E%? LHCb | %E}K IR
= oaf ] b \lp | 8 1 3
1 afs | ke §
o> L d— >—d : o
22r B Je GC)
20:_ | «—— PC+% \J/\l!p _> _‘f 3
18| ? s N ©
. 1+ >
16__| N T Ll . T B NTTRT PRTTT FTTI FETT FUT FYTT FYON FETTL IS (=) t
2 3 4 5 6 % é § § <
mi, [GeV?] (AOW GL)/s1uong
A(1520) and other A”s - p K-+ Unexpected, narrow peak @
/>-\3000_ i IN mJ/y/p
%2500:_ LH%&_@%}JM)  Ignoredin LHCb for more
8 Aa{u : than 2 years. We, like
§ 200F i iImost everybody el
5 o almost everybody else,
" 1500F- did not believe in
L —ph
ook T . pentaquarks:
: A assumed to be a reflection of
500F @ interfering A”s - p K- ?
AP B PPN B B . Proper amplitude analysis
14 16 18 20 22 24 u absolutely necessary to check

A barvon excitations M«» [GeV]
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Amplitude Analysis of A,— J/\ppK Jy—
= 2 2 M

/1/\1; =—1/2,+1/2 /1p=—1/2 +1/2 A/1 =1

Q=(6, .0,. ,A¢A*’Ab ,6,,A9, ) A, res&)fz%me

oD &b - eyl
analysis

1 mass, 5 angles

. . 2
M(pr,Q|A2\Wb;>v/A , A//l:@%pl{)

zAb Ay Ad,

Y rest frame A(I)w M A rest frame

A 7//

ﬂAbl A, ZZ Z A”%WA D,%Ab _%(0,6’/\*,0) LAB frame
n Ay A,=-10l1

*k

AMTTED (A 8,,0) Rimy, | M. .T D} 4, (AB, , .6,,0)

T

4-6 independent complex helicity
couplings per A, resonance
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A’ resonance model

All known A* states

from KN scattering No high-JP high-mass states
experiments limit L All states, all L
State JP My (MeV) T (MeV) # Reduced | # Extended
A(1405) 1/2= 14051118 50.542.0 3 1
A(1520) 3/2 151954+ 1.0 156+ 1.0 5 6
A(1600) 1/2* 1600 150 3 4
A(1670) 1/2- 1670 35 3 4
A(1690) 3/2° 1690 60 5 6
A(1800) 1/2- 1800 300 4 4
A(1810) 1/2+ 1810 150 3 4
A(1820) 5/2* 1820 80 1 6
A(1830) 5/2- 1830 05 1 6
A(1890) 3/27 1890 100 3 6
A(2100) 7/2° 2100 200 1 6
A(2110) 5/2+ 2110 200 1 6
A(2350) 9/2* 2350 150 0 6
A(2585) 5/277  =2585 200 0 6

# of fit parameters: 64 146
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Fit with A"—pK- contributions only

# of fit parameters: 146

< 2200 S
o —a— data _ © 800 +
= 5000 : —e— total it S
background
To) a To)
B v y @ LHCb e EEE :700
s M - A(1520) >
= 1600 i ---&-- A(1600) <
() i A(1670) o
> 1 >
m M i eoees A(1690) (L]
1200 L -==¥é-- A(1800)
E ---g2-- A(1810)
1000 Py aeeyees A(1820)
: ;|",. ---¥--- A(1830)
800 g ceedees A(1890)
600 . ---f>-- A(2100)
HE -==ie=x A(2110)
400 -=-%-- A(2350)
-e=te-r A(2385)
200

R 7 TN - Yoty v 2.6
My, [GeV]

* |Include all known A excitations:
* my, looks fine, but not m,,
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Amplitude Analysis of Ay— JyPK. Iy =

Ab—>PC’K R" —>l//p Ab—>y/A A —>pK

1

Z Z Z ﬂA,, » A4, T eiMﬂ% Z ,1 e 2, (0 )MzAb A, AL,

’lAb =—1/2,+1/2 /1p_—1/2 +1/2 Aﬂ =1,1 ,1PPc =—1/2.41/2

rest frame
Y rest frame Ay N (13) —7

6D A g/
[ ] > e r!'___* -
analysis

A%b

AQ . —T
1 mass, 6+2 angles ¢ P. P.rest fram
all derivable from the A* variables
1
Ay—PK LAB frame
ﬂAbﬂ'l A/l ZZ Z Ab D/%A,,/l (¢Po a ,
n Ap, A,=-10]1

A;; ;*”PD/ a1 (DG, o 6,,0) R(m,, | M oL )DﬂwM (Ag,

T

3-4 independent complex helicity
couplings per P." resonance

P’y/?
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A Plus P+ Matrix Element —

2 additional angles to align the muon and proton
helicity frames between the A”and P+ decay chains

also derivable from the A" decay variables

2

A,—P'K  AP"swp AA,—WA, A A —pK
‘M(pr,QIMRH,FRn,JPn,AﬂPn AL AR AR

Z Z Z ﬂA,, dpad, T ZM@ Z djf’cz (‘)MzAbz”cM

An, =—1/2,41/2 4,==1/2,+1/2 A4, = A, fe—_172,41/2

A, rest frame )
g A rest frame

P. rest frame

p rest frame

« Without this realignment can’t describe A™ plus P_* interferences properly
« They integrate out to zero in full phase-space but present in the differential 6D fit-PDF
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Fit with A”s and one P_*—J/yp

# of fit parameters:

« Try all JP of P+ up to 7/2*

LHCDb

—a— data
—eo— total fit

background

—=— P,

- A(1405)
- A(1520)

A(1600)
A(1670)
A(1690)

- A(1800)

A(1810)
A(1820)
A(1830)
A(1890)
A(2100)
A(2110)
A(2350)
A(2385)

—

state

146 + 10 = 156

. Best fit has JP =5/2%. Still not a good fit
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Fit with A”s and two P_*—J/yp states
# of fit parameters: 64 + 20 = 84

% 2200 —a— data % 800
= 2000 —e— total fit s
O background O 700
T 1800 =g P (4450) -
2 —=— P.(4380) -
= %)
E% 1600 -~ A(1405) EE 600
------- A(1520)
T >
T 1400 e 2
1200 1670)
1690) 400
1000
- R 300
- 200
400
: 100
200
F 26 % 22 a4 46 48 B
My, [GeV] M.y, [GEV]

« Obtain good fits even with the reduced A" model

| State | Mass(MeV) | Width (MeV) | Fit fraction (%)

P.(4380)* 4380 #8429 205118486  8.410.7+4.2
P.(4450)*  4449.8+1.7+2.5 39+ 5+19 4.1+0.5%1.1 120

« Best fit has JP=(3/2-, 5/2+), also (3/2+, 5/2°) & (5/2+, 3/2°) are
preferred
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Statistical significances

Fit improves greatly, for 1 P, A(-2In¢)=14.72, adding the 2
P. improves by 11.62, for adding both together A(-2In¢)=18.77

« Simulations of pseudoexperiments are used to turn the
A(-2InZ) values to significances:
— significance of P,(4450)* state is 12¢
— significance of P,(4380)* stateis 9c
— combined significance of the two P * states is 156

« This includes the dominant systematic uncertainties, coming
from difference between extended and reduced A" model
results.
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Events/(20 MeV)

400

F

i

- (¢)

1.70<my,

<2.00 GeVy

-ll- data A
-@- total fit - A
— background ¥ A
&1 P_(4450) :i:ﬁ
= P,(4380) A
-4 A(1405) N
-6 A(1520)
A(1600

54

it with A”s and two P_.*—J/yp states
o )pr<1 55 GeV |

—

- (b)

~
1.55<m,
! {l'<1 70 GeV.

#i

1 @ 2.00 GeV<myy;

region where the A'—pK-
background is the smallest

m2, [GeVA| 1

Need for the 2"d broad P_* state
- becomes visually apparent in the

LHCDb

[GeV]

my, vp
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Data preferrence for opposite parity P.* stal:c?

< 400 T , *
3 | @ pr'<1.554 GeV | <= P,(4450)
= t <xc P(4380)
S : o
% : Positive interference

§ 200 between the P, states
1]

(display before efficiency)

44 Combined P,
P,(4450)
—— P,(4380)

%/
7

Corrected events/

ey

S

S}
I

7
7‘ A
77

@
o
o

T

1.70<my,, 1 (@) 2.00 GeV<my;, 1
<2.00 GeV ¢ LHCb

n
o
o

-
o
o

7
7 7
7 7
7 7
77
7
7 7
70 7 7 7
7 7 7 7
7 700007 7 7
Voo 75707 70707 77
77 7 7
Z 7 7
7 / 7

000000

VAN AN AN TiiZididii:
-1 -08 -06 -04 -02 0 02 04 06 08 1
cos(®;)
X

Negative interference
between the P, states

700000
70
4

display after efficienc .
(display ' m,, [Gev] m,,.,, [GeV]

« This interference pattern only for states with opposite parity
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LHCb all mg, |

- data A(1670)

-@- total fit
— background

== P,(4450)
<> P,(4300)
-4 A(1405)
-63- A(1520)
A(1600)

-»e. A(1690)
-3 A(1800)
- A(1810)
-4 A(1820)
- A(1830)
-4+ A(1890)
-+ A(2100)
-0 A(2110)

LHCb Tetra- and Penta-quarks, T. Skwarnicki INT, Nov 2015

Angular distributions
Al data

56

—

P. enriched region

o3

-0.5

0

= background
= P_(4450)
== P (4380)

LHCb pr>2 GeV

A(1670)
-5 A(1690)
-5 A(1800)
-E- A(1810)

- A(1820)
- A(1830)
-4 A(1890)
-4 A(2100)
-4 A(2110)

s hiten .ﬁha‘qt u‘ﬁhﬂﬂkﬂ Sar
' - 0 2 ¢ [rad]

Good description of the data in all 6 dimensions!

PRL 115, 07201 (2015)
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No need for exotic J/\VK Contrlbutlons

m2,k [GeV?]

J/YK- system is S L@ m<1.55GeV 1(0)1.55<m, 3
- ° 1 1.70 GeV
well described by — 2,.] I j’w# _
the A* and P.* . S " #'% ‘]
reflections. | ST \ |
_ iw | "w.bq o
= L L LB R B L R B %
2221: o E 2 L (C) 1 (d) ]
20F S | 1.70<my, LHCb
19F 9200~ <2.00 GeV t 2.00 GeV<my
18F i j | P
17F _ il .
16 T~ A *'
15F Ny A PPl 5NN
3 : o oo
! 1 1 L L e -@- total fit -+ A(1690)
2 3 4 5 6 0 -
Gevl 5T = Pl 7 e
3 < P_(4380) *ﬁg ;
L -d- A(1405) o A( ) T
o -9-A(1520) .. A(2100)
T A(1600) - AR110
s

PRL 115, 07201 (2015)
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Systematic uncertainties

Source My (MeV) TI'y (MeV) Fit fractions (%)
low high low high low high A(1405) A(1520)
Extended vs. reduced 21 0.2 54 10 3.14 0.32 1.37 0.15
A* masses & widths 7 0.7 20 4 0.58 0.37 2.49 2.45
Proton ID 2 0.3 1 2 027 0.14 0.20 0.05
10 < p, < 100 GeV 0 1.2 1 1 0.09 0.03 0.31 0.01
Nonresonant 3 03 34 2 235 0.13 3.28 0.39
Separate sidebands 0 0 5 0 024 0.14 0.02 0.03

JP(3/2%,5/2 ) or (5/2%,3/27) 10 12 34 10 0.76 0.44
d=15—45 GeV~! 9 06 19 3 029 042  0.36 1.91
Li@ AY — P+ (low/high) K~ 6 07 4 8 037 0.16
Lp, P+ (low/high) — J/p 4 04 31 7 063 0.37
Ly AY — Jhp A* 11 03 20 2 081 053  3.34 2.31
Efficiencies 1 04 4 0 013 002 026 0.23
Change A(1405) coupling 0 0 0 0 0 0 1.90 0
Overall 29 25 8 19 421 1.05 582 3.89

1.0 11 3 046 0.01 0.45 0.13

by ]

sFit/cFit cross check

« Uncertainties in the A" model dominate
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Additional cross-checks

« Many additional cross-checks have been done.
Some are listed here:

— The same P_* structure found using very different
selections by different LHCb teams

— Two independently coded fitters using different
background subtractions (cFit & sFit)

— Split data shows consistency: 2011/2012, magnet
up/down, A /Ay, Ay(pT low)/A,(ps high)

— Extended model fits tried without P, states, but with
two additional high mass A* resonances allowing
masses & widths to vary, or 4 non-resonant terms of J
up to 3/2
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Argand diagrams

60

PRL 115, 07201 (2015)

P+ amplitudes for 6 m,,, bins between +I" & -I" around the resonance mass

0.1

-0.1

-0.2

-0.3

'LHCb

-0.3 -0.2 -0.1 0

Re

0.2 0.3
Re

« Good evidence for the resonant character of P (4450)*
« The errors for P,(4380)* are too large to be conclusive
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Molecular states?

(a(qq)) (a(qq))
molecule

e.g. deuteron

0 The “iron group” : + yield from
r of isotopes are the . : nuclear fission
r meost tightly bound. H 0
§. [T '23: Ni (most tightly bound) :
= 58 : :
§ s 6 26F€ : Elements heavier
L £ - 56 : than iron can yield
g2= | 26 pove 8.8 Mev! energy by nuclear
E § H per nucleon fission.
2 S 4t yieldfrom binding energy.
o £ W nuclear fusion :
oo
iy M
5 =
£E H
ag o 1__ h
; Average mass H
1 of fission fragments 235
r +is about 118. U:

7I 11 lslol Ll I10IOI - I15I0I | - IZ(I)OI 1 l:
Ver) 2 fm r Mass Number, A
@ . Difficult to get more than
Bound state of
u deuterium at one State (Il=1 ,ZZO).

about - 2 MeV

35| | M = M,+M, — (a few MeV)
' | deuteron

1 wavefunction JP — (J1 ®\J2)P1*P2
/exponential fall

Uir)

N
sife-liken I~ maX(F1 ,FZ)

42fm T
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Baryon-meson molecules? -
M.Karliner, J.Rosner [arXiv:1506.06386],

Binding energy for L=0 o ot al [arXiv:1507.03704

4600 -z g L.Roca,J.Nieves,E.Oset
-A DY 17 37 5 [arXiv:1507.04249].J.He [arXiv:1507.05200]
2 - 27272 _ ____ U.Meissner,A.Oller [arXiv:1507.07478],T.J.
= B ¥ *+D*05 _____ 3+ _______________________________ 1" 3 5 Burns[arXiv:1509.02460]
— -~ =or DX 2’5 5 3%t 5t R DO
Q4500 o 2D C24523 MeV 55 ALK

M(J/y
*@
D

4400

4300

4200 Rich spectrum of relatively narrow states expected:
- all shown + isospin partners + strange partners + b quark + ...
- ADO- +
4100 2 1~ 3~ Cannot accommodate a - state with
- 2’2 :
: 0 Jhy a plausible S-wave molecule

............................................... L>0 molecules not likely to be bound
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Tightly bound pentaquarks?

r 3+ Maiani, Polosa,Riquer [arXiv:1507.04980],

4380

4360

4340

e.g.

P (4450)*  Ghosh et al [arXiv:1508.00356]

2 Anisovich et al [arXiv:1507.07652,1509.04898],
Li,He,He [arXiv:1507.08252],

L&

Such mass difference
and the opposite parity
can be explained by Al=1

R. Lebed [arXiv:1507.05867]

et
Can accommodate p when at @

least one diquark in S=1 state I

l Rich spectrum of states expected.:

> S=0 (lower J)+ | + n + isospin partners
+ strange partners + b quark + ...

C[Cu]8=1 [Ud]S=0 (I=1)

clcu]s., [ud]s., (=0)
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Rescatterlng (triangular singularity)

5]

dI'/dMjyp [arb. unit

M. Mikhashenko [arXiv:1507.06552],
A. Szczepaniak [arXiv:1510.01789]

dlidsgs (au.)

Z.-H.Liu,Q.Wang,Q.Zhao [arXiv:1507.05359],

LY
AN

— dryidsz(au)

aekisatau)

— Pc(usua“n\‘

— P(4380)

L Jom Gy

8007 2 goof @ Mp.[MeV] ] ’
600 [ 3 B
< 600f .
400} = 400 4
200} 3 200]
e
s =
0 L= . ) ol o
4.0 472 44 4, 6 @.8 50 4.0
My [GeV] Myyp [GeV]

Conventional hadrons produced and then rescatter (rearrange
quarks) to produce a peak in the exotic channel. Peaking
structures related to mass thresholds.

Ad hoc parameter values to generate desired structures.
Can sometimes arrange for the resonant-like phase running.
Given proliferation of thresholds, why aren’t they everywhere?

Not clear these models can describe decay angles distributions —
predictions and tests on the data are needed.

In the past, many resonances which are well established by now,
were proposed to be rescattering effects (e.g. a,(1260)).

Ima fa.ug

Padimu )
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Future studies of P,(4380)* ,P.(4450)* -
* Nathan has a few months left before he will graduate:

— We are working on improving A* model in hope that we can improve
P. JP determinations:
* In present Isobar model:

— try new states suggested in C. Fernandez-Ramirez et al paper
(arxiv:1510.07065 Oct 23), remove A(1800)

— more advanced models of non-resonant contributions than what we have
tried so far

— see if our data can contribute to A* spectroscopy

» Possibly replace the Isobar approach with C. Fernandez-Ramirez et al
approach adopted to our data (with their help!)

— We are interested in testing rescattering models, but need their 6D
formulation!
« There is a large effort in LHCb to look for these states in
other modes and for other pentaquarks with heavy quarks
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Outlook to the future

At present there are many plausible explanations for the observed P_* states.

The main competition is between tightly bound models based on diquark
substructure, loosely bound molecules and rescattering effects.

Clarifying JP values and resonant nature of the discovered P_* states with
more statistics will be very important.

All models predict many other related states to exist. Different models predict
different mass spectra. We badly need to discover more elements of future
periodic table of such states!

Interactions forming pentaquark states must also play a role in tetraquark
states. It is important to pursue both spectroscopies together!

Searches for states with even more quarks e.g. sextquarks (i.e. dibaryons)
interesting.

We can do more to test the diquark idea in ordinary baryons! Need
experimentalists to do better on identifying all excited baryons.

So far the most compelling tetraquark and pentaquark candidates have been
discovered with hidden charm inside (cc). The other heavy quark systems
should also be creating bound structures (bb, bc, ccc, ...)

We are only at the beginning of hopefully very interesting road ahead...
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Conclusion
« Two pentaquark candidates decaying to J/wp observed by LHCb with
overwhelming significance in a state of the art amplitude analysis: they will
not go away!

Frank Wilczek’s twit on
7/14/15: “Pentaquarks rise
from the ashes: a phoenix

pair”

Pentaquark candidates rise from the ashes for the 2" time.
» LHC resurrects them: should not be a surprise given baryon cross-
sections.
cC pair inside:
 QGiven the history of Quark Model should not be a surprise either.
Hopefully true July 2015 revolution!

« The simplicity of lower mass excitations of mesons and baryons, which led
us to the discovery of quarks via qq, ggq structures, also misled us to
believe that we had already understood hadronic structures. Much
experimental and theoretical work remains to be done to achieve this goal.



