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« Mesons beyond qq and baryons
beyond three-quark configurations
are called as exotic hadrons

STANDARD

* Their existence is not forbidden by
QCD as long as they maintain
color-singlet configurations

* Multiquark objects were proposed mesonic ;
separate]y by Gell-Mann and molecule ? |e.g. deuteron

Zweig in 1964

* Recent discoveries in heavy quark
states have revived hopes for
conclusive proofs for existence of
exotic hadrons

L. Zhang



Detectors and data sets

The LHCb detector described in JINST 3 (2008) SO8005

-
©

pT of B-hadron
T T T T T

* LHCb detector advantages:
Momentum: Ap/p = 0.4 ~ 0.6% (5 - 100 GeV/c)
Mass o, =8 MeV/c? for B - J/PX (constrainted m; /)

RICH K — m separation: €(K = K) ~95% mis-ID e(r - K) ~ 5%

All LHCb results use total RUN-I data (3.0 fb!)
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Z.(4430)- > v’ 7~ and
P.(4380)" P.(4450)" > J/yp

Full amplitude fits and
model-independent approaches



LHCD data samples (3 fb-1)

CHCb-PAPER-2014-014 [HCh-PAPER-2015-020
PRL 112 222002 (2014) PRL 115 07201 (2015)
BY > y/'mtK" Ay > J/YpK-
B 1800 7000
> 25,176x174 = 26,007+£166
%1600 signal events %eooo LHCb ﬂ signal events
‘T 1400 c
4 ® 5000 +
(111200 (1
1ooof 4-1% Om=>.4 MeV 4000 5.4% + 6,=7.5 MeV
800 bke B” signal range 3000 bke \p signal range

sideband sideband

sideband sideband

0 5250 5300 ~~~~~ [hﬂ \/] 0 5500 5600 ' 5700 [hﬂ \/]
k LVie &
vs. bkg in ) i Tk
Belle: 7.8% Belle: 2,010+50 [PRL 100, 142001 (2008); PRD 88, 074026 (2013)]

BaBar: 2,021+53 [PRD 79, 112001 (2009)]
* > factor of 10 better statistics than at the B factories, at smaller bkg

« Comparable signal statistics and bkg levels between the BY and A,
data samples

L. Zhang 5




2

BO — ]/¢n_ K+ LHCb-PAPER-2014-014

PRL 112, 222002 (2014)

[GeV?]

10?

s Z.(4430) =
' _ S ©
10 —> l//,ﬂ' R g
? i
S + = =
Q
PG N

1 BO{g (%1 Zc .

L L
= =
= A
(;A9D T°0 )/ sorepipue)

[3*3
<
f=3
(=3

(0.02 GeV?)

1500

Candidates /

1000 Is it a reflection of

interfering K’s — 7K+ ?
Proper amplitude analysis
necessary to check

500

IIIIIIIIIIIIIIIIIIIII

0.5 1 1.5 T 2
Kaon excitations m2., [GeV?]
L. Zhang 6




~
~
=
~
8

unexpected structure in

a [T — T T T T ]
= 26~ .
® - LHCDb .
G, I i
" ]
A | i
22 .
20
181 ]
o | . -
2 3 4 5 6
m2, [GeV?]
A(1520) and other A™s — p K-
— 3000—}
> -
§ C
o 2500 LHCb c
I iy
2 2000} 0 J D ~
§ - Ab 3_\5
T : +\U}A*
1500} d
E —— phase space
1000}
5005
1 1 1 3 1 5 3

1.4

1.6

1.8 2.0 2.

A baryon excitations

L. Zhang

2

2.4

my, [GeV]

LHCb-PAPER-2015-029

PRL 115, 07201 (2015)

e Unexpected, narrow peak in

My p

LHCb

(b)

40

(ASIN S1)/siueng

vl
(=]
o
[oe]

600

400F

200F-

00
9,

Is 1t a reflection of
interfering A*’s — pK~ ?
Proper amplitude analysis
necessary to check

4.4

4
Exotic pentaquark

4.2

@0



Full amplitude analyses

* Helicity frame

B rest frame A rest frame

y rest frame

AT e
AQy.x: K rest frame

 rest frame

LAB frame
4D maximum likelihood fit 6D maximum likelihood fit
( Ko l//a ¢ ) QE(HAbaeA*9A¢A*’AbDHW9A¢y/,Ab)
2
PDF(m,,,,) =‘Matrlele(mKﬂ/Kp,Q |5 M Ty Hp)| xeff(my . Q) + PDF,, (my, ., Q)
‘ Y FS Fitting parameters
My I, fixed to known values, and varied within errors for systematics.
1-3 independent complex helicity couplings 4-6 independent complex helicity couplings

*
Hpz per K" resonance Hjy per A" resonance

The decay angles greatly increase discrimination power between resonances of different J°
Matrix elements for exotic decays are coherently added later to these for conventional

resonance
R ———
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Model of conventional resonances

Well established states from PDG

No high-M,
i P
Only state wit P=(-1)’ No high-M, gllfr:i{L A”aSITTeS
decays to Kt high-J? 5 ‘

State JP My (MeV) To (MeV)  # of complex State J My (MeV)  To (MeV) #C%flli;?;ﬁgiex
NR 0+ — 1 1 A(1405) 1/2~ 1405 50 3 4
K*(800)° 0 632 547 1 1 A(1520) 3/2~ 1520 16 5 6
K*(892)°  0* 396 49 3 3 A(1600) 1/2* 1690 150 3 4
K;(1780)° 3~ 1776 50 [oJ 3  A(820) 5/27 1820 80 | 1 6
Total # of free parameters 28 34 A(1830)  5/2~ 1830 95 1 6
A(1890) 3/2F 1890 100 3 6
A(2100) 7/27 2100 200 1 6
A(2110) 5/2* 2110 200 1 6
Using Extend model to set significance A(2350)  9/2* 2350 150 [F0] 6
. A(2585) 5/277 2585 200 0 6
of exotic states Total # of free parameters 64 146

* Baryons have more than doubling of known states to include
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Fits with conventional resonances onl

LHCb-PAPER-2014-014

LHCb-PAPER-2015-029

PRL112, 222002 (2014) PRL115, 07201 (2015)
0 _, Y rtK~ - A% & 1/ibnK- (Ext.)
= data data D F 7 1T
1000 -=—total fit ++ LH Cb 800 -@- total fit
| ——background 700 — background + LHCb
K*(@92) N - A(1405)

~ } ) S &3 A(1520)

> — K* S-wave © 600 A(1600)

v b —K,(1430) = - A(1690)

O To!

~ K*(1680) +— S00F=-%- A(1800)

o K*(1410) g -2- A(1810)

=500 2400 and other

0 § A’s

: 71300

[

200
""""""""""""""""""""""""""""""" 1 00 o i j.'E..'“’ =
095" %6 17 18 19 20 21‘ 2B e 44 46 48 5
- 1GeVe] M yp [GeV]

 Two models for conventlonal resonances: Extended and Reduced,
cross-check with each other

* Extended uses all established resonances, for significances and syst.
* Reduced keeps only significant contributions

Cannot describe the data with the conventional resonances (Extended) alone
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Fits including exotic hadrons

LHCb-PAPER-2014-014 LHCb-PAPER-2015-029
PRL112, 222002 (2014) PRL115, 07201 (2015)
0 |+ 17— —_
P K A) —>]/1[)pK (Red.)
" " 1 L] -
- LHCb 1000p~ fmkdata My, all my,>2 GeV <
1000 -®- total fit §
— N — background r
o > 800 =
T e
53 -=-data 24 [ =Pl )
o -=—total fit ~— 600 -4 A(1405)
- ——background » [ <3-A(1520)
~ + b o
®500f= "'i{“éj? S F -4-A(1600)®
GC’ - N *( ) u>.| 400~  and other gy
> — K S<wave =
w et - ,__z,,—-K* ,(1430) -
K*(1680) i
’ K*(1410) 200 Sbr
0 " . e 2 c. < ! '_7 0 ) e gl T -
15 16 17 18 19 20 21 22 23 4 4.2 48
2, [GeV7] J,w, [GeV]
T K N e e I
Z,(4430)" 4475 + 7113 172+13%3] 5.9+ 0.9713 4c  P,(4450)*  4449.8+1.7+2.5 39+ 5+19 4.10.51.1
Belle 4485 + 22+28 20044673 10.3+3.5%3% 50  p(4380)r 4380 +8+29 205+18+86 8.4+0.7+4.2 9

e Best fit has J°=(3/2, 5/2%), also (3/2%, 5/2°) & (5/2%,

[ ) P: 1 1
J'=1"at 9.7c incl. syst. (in Belle at 3.4G) 3/2-2 cannot be ruled out
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Fits including exotic hadrons

0 l ot 7 — 0 -
B” ~> YK Ay - J/PYpK Red)
rgzooor- 22200 data
8 B 52000 —e— total fit
I B - LHCb — packground
= LHCb #1800 g P,(4450)
R | S —u— P,(4380)
~1500}= —#— data 21600 i~
2} —— total it o ok A(1405)
g - —— background 1400
“oF K*(892)
- e K*2(1430) 1200 e
1000'- _— 2(443(..))+ 1000 RO
R —— K* S-wave e B
- K*(1680) 800 g
- k14100 | aE S S M 0
500} 600
I 400
[ 200
0 ...... - | i
5 P26 18 T2 o TTorTToe
m2_ [GeV?] my, [GeVi]

* Data are well described by the fits
 (Conventional resonances dominate the rate

* Exotics spread across wide range of these masses
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Decay angular projections
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1000,
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- LHCb

—=— data A(1670)
- —— total fit _ -@- total fit -3¢ A(1690)
s — backgroynd — background ¥ A(1800)
: —— 7(4430) ; Lo P (4450) -E+- A(1810)
- K*(892) - = P°(4380) -4 A(1820)
N —— K*,(1430) ] c -+ A(1830)
3 —— K*S-wave ] -+-A(1405) . A(1890)
- K*(1680) = -63- A(1520) - A(2100)
[ K*(1410) . A(1600) 4-A(2110)

600

400,

200
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They greatly increase dlscrlmmauon power between resonances of different JP

Correctly describe interference
L. Zhang 13



Why two P with opposite parity

« 1 PF cannot fit well the peak

 Strong asymmetry angular distribution from P

* Can only be explained by interference two opposite
parity P’
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Argand diagrams for resonant behavior

LHCb-PAPER-2015-029

. PRL 115, 07201 (2015)
Exotic hadron amplitudes modelled by 6 complex coefficients near

the peak mass, to compare with Breit-Wigner resonance amplitude
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Re A™ Re A
Good evidence for resonant character Large errors: not conclusive

» The results are still dependent on the model of conventional hadrons

» Simultaneous PWA of the latter is not possible since exotics reflect into variables
characterizing conventional hadrons

» However, we can assume exotics are not present and test for their presence in model-
independent way - next 5 slides
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Argand diagrams for resonant behavior

CERN-THESIS-2016-086

Exotic hadron amplitudes modelled by 6 complex coefficients near
the peak mass, to compare with Breit-Wigner resonance amplitude
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Good evidence for resonant character
» The results are still dependent on the model of conventional hadrons
» Simultaneous PWA of the latter is not possible since exotics reflect into variables

characterizing conventional hadrons
» However, we can assume exotics are not present and test for their presence in model-

independent way - next 5 slides
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Rectangular Dalitz plane

PRD 92, 112009 (2015
LHCb-PAPER-2015-038
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Legendre moments

Y dcosd

:maX<PZU>PI(cos(9) 0=0. or 0.

+1 Nevents
<BU>ZI N P(cosO)d cosO o ZELPI(COSQZ.)
i=1

A

i

K*/A" can contribute only to
low-order moments

K*/A*-only hypothesis called H,,
lmax — 2Jmax

J .4 1S the highest spin of
K’/A" resonance possible

L. Zhang

Reflections of exotic hadrons can
contribute to low and high order

moments:

— Detecting non-zero moments
above 2./, . signals presence of
exotics
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Setting /

max

as function of my,/myg,

From know K“/A" resonances, quark model predictions as a guide
Much fewer known states than predicted!

K* mass predictions by Godfrey- A* mass predictions by Loring-Metsch-
Isgur, PRD 32, 189 (1985) N Known K* / A* states: boxes Mot Petry EPJ, A10, 447 (2001)
—_ [ 3 .I_‘. p— . B —
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Null exotic hypothesis (H,) vs data

* Toy simulates the reflection of mass and angular structure of
KT[/Kp onto ml/)/n-/l/)p

Limits of /.,

used (1.e. zero moments for > /..

order)

My ypp €an not be explained by the reflections of

conventional (non)resonances alone

H, rejected by 15.2c¢ H, rejected by 9.0c
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Exotic contributions in Cabibbo-
suppressed decays /12 - J/Ypm~



Cabibbo suppressed decays /12 - J/Ypm~

LHCb-PAPER-2016-015

0 _
A~ J/vpm PRL 117, 082003 (2016)
3 500F | | :
> LHCb ﬁ 3
L 400F 1,885%50 + D.ata E
@ [ signal events — glt | 5
©300F  ~17%  F{ 7 igna
I bkg - AJ=JypK
T 200f |
m -
© 100}

* More than a factor of 10 lower signal statistics in AD — J/Ppm™

analysis than in A) — J/YpK ™~

L. Zhang
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/12 — J/Wpm~: Cabibbo suppressed

* Less statistics, more complex because of Z.~

 Here the exotic hadron contributions are examined for
P_.(4380)", P.(4450)" — J/yp and Z.(4200) — J/ymr~
Z.(4200)- my = 4196133 MeV, I' = 370,52 MeV JP=1" by
Belle (6.26) in BY = J/yrn~K* decays [PRD 88, 074026
(20 1 3 LHCbh-PAPER-2016-015

PRL 117, 082002 (2016)
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Model of N* and exotic states

Better established states from PDG

Omty
significant
) sates Alstates ®  Reduced model for central values
A Jypm limit L limitZ Extended fi onif d
State JP My (MeV) Ty (MeV) # of complex xlende i o1 Slgnl 1cance an
Rc?uplinis systematics
ed. xXt.

NRpr  1/2 - - 4 4+ Almost as many free parameters
N(1440) 1/2* 1430 350 [ 3 4 . 0 ]
N(1520) 3/2- 1515 5 |3 | =3 asmA) > JypK
N(1535) 1/2 1535 150 4 4 , 3
N(1650) 1/2- 1655 140 [1 4+ * Fixed myand I';, for the N* and
N(1675) 5/2 1675 150 |3 5 :
N(1680) 5/2* 1685 130 [0 3 exotic states
N(1700) 3/2 1700 150 | 0 3
N(1710) 1/2+ 1710 100 Lo i+ | ¢ Z.(4200): 10 free parameters
N(1720) 3/2* 1720 250 3.1 |5 _
N(1875) 3/2- 1875 250 [ 0 3 | * Each P_: 4 free parameters + 8
N(1900) 3/2+ 1900 200 | 0 3 ]
N(2100) 7/2- 5100 0 | o 5 fixed to that from A,’—> Jiy pK
N(2300) 1/2* 2300 340 | 0 3
N(2570) 5/2 2570 250 | 0 3
Total # of free parameters | 40 106
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Full amplitude fits to A} p = ] / tppn

Significance of P.(4380)", P(4450)", Z.(4200)
taken together is 3.1c including syst.

Evidence for exotic hadron contributions to
A} > J/ppr!

LHCb-PAPER-2016-015
PRL 117, 082002 (2016)

5 [Twos A G T
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Further results for /12 - J/Ypr™

Individual exotic hadron contributions are not significant if others
are present. More data are needed

Significance of two P, 1s 3.3c, if assume production of Z.(4200)  1s
negligible. No independent confirmation of the P_.* states

The data are consistent with the P, states production rates expected

from the / /YpK ™ measurement and Cabibbo suppression
LHCb-PAPER-2016-015

PRL 117, 082002 (2016)

m Fit fraction (%) BR(A,—>P.*1t)/BR(A,—>P . K")

Z,(4200)- 7.7 +2.8734

P.(4380)* 5.1 + 1.572:¢ 0.050 + 0.01615:32¢ 4 0.025

P(4450)* 1.6 10808 0.033 *5:01% 9615 = 0.009
Expectation assuming the second diagram negligible: 0.07~0.08

[Cheng and Chua, PRD 92, 096009 (2015) arXiv:1509.03708]

]
L. Zhang
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X—-J/Y¢inB" - J/PPK™

decays



X(4140) and X(4274)

* CDF observed a narrow (J /Y ¢)

% *F arxiv:1101.6058
structure in BT — J /Y@K Tdecays 2 cor (6 b))
[Initial publication on 2.7 fb-! PRL102, 5% 115+12B*
242002 (2009)] gso;-
— M=4143.4%3.0+0.6 MeV P
— I'=15.3%1%% 4+ 2.5 MeV o

5.2 5.3 5.4
m(J/yoK*) [GeV/c?]

1946 X(4140) [>50]

— Necessarily exotic since it 1S narrow
and above the DJ D; threshold

— [escs] tetraquark ?
— Hint of a second structure: X(4274)

* Not confirmed by B-factories and
LHCb with 0.37fb-! data

-
Q

2248 [~3.16]

Candidates per 10 MeV/c?

(=) N » ) 0
T T T

11 12 13 14 15
m(me K)-m{u-u’) [GeV/c?]
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X(4140) and X(4274) from CMS

* Crucial to check by different experiments with larger statistics.

oS, 37 Tov, L 521" cus, 1= 4B} B.134,261 (2014)]

Candidates / 5 MeV

T T U 300 ]
2000 1 008<m(K K )< 1.035 GeV % E _ + Data -
1800 Am < 1.568 GeV = o50f- CMS GI?bal fit i =
4 o 8 Z e Thvegbody P8 (global
1400 = =1 Background e S S o | S EXiﬂmilﬂg 8% g'bz(*; E
1200 =z - + f o g v 1D fit .
150 : —
1000 - + + ]
800 100 \ *}' 3
600 - +W_.+,_g T
200 . 4 Background subtracted .
’.9.15I - 15.21 - I525I - I5.31 - 15.35I - I5.4I - 15.45 T I B IR =
MUK K [GeV] 1.1 1.2 1.3 1.4 R m1.[5GeV]
X(4140) CDF CMS [PLB 734, D@ [ PRD 89,
[arXiv:1101.6058] 261 (2014)] 012004 (2014) ]
Significance >5G >50 3.1c
M, (MeV) 4143.4+3.0+0.6 | 4148.0+2.4+6.3 4159.0+-4.3+6.6
I, (MeV) 15.3%1%* + 25 28%13 + 19 19.9+12.6%3
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X(4140) and X(4274) from CMS

* Crucial to check by different experiments with larger statistics.

CMS \S 7TeV L= 52fb

oM, Vs = 71[PVLI%_734 261 (2014)]

g 2000 b 1008<m(K+K )<1'.0'35' G,e\./. > 300: _— + Data T
m<1. e 2 - CMS obal fi ]
© 1800 e GeV = 250F- Z ....... ?Lrgeltf)édy PS (global fit)y ]
§ 1000 == Fit = oof i € L Eventmixing (v . K ]
g 1400 = =1 Background *EEQOO:_ . 3| J— Evgnt—mixing (J/\\:;: O,K*) —:
2 1200 =z F fAE wmine 1D it .
S 1000 1505_ + + + E
800 100~ \ "}' =
600 - +W_.+,_g T
200 i Background subtracted g
§15 52 525 53 535 _ 54 545 I T B e e
e KR [Ge 1.1 1.2 1.3 1.4 N m1.[5GeV]
X(4274- CDF CMS [PLB 734, D@ [ PRD 89,
4351)? [arXiv:1101.6058] 261 (2014)] 012004 (2014) ]
Significance 3.1c >30
M, (MeV) 4-274-.4-f8'4 + 1.9 4313.8+5.3+7.3 4328.5 1+12.0
I, (MeV) 3231212 + 76 28%13 £ 19

L. Zhang
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#(1020)

400

(non-B bkg subtracted)

1kl Nl et L P

1000 1010 1020 1030 1040 1050 1060 1070 1080 1090 1100

signal range g [MEN]
=
< 400 B+ 4,289+151
= 350 signal events
L
S 300 LHCb
2% 2316 %
8 250
o bkg 1
200 3tb
150 -
_sideband , ;S|deband ;
100 - - :
< A
TP NP A T P B AP TP I e
320 5240 5260 5280 5300 5320 5340 5360
. MoK [MeV]
signal ¥

L. Zhang range

LHCb-PAPER-2016-018 arXiv: 1606.07895
LHCb-PAPER-2016-019 arXiv: 1606.07898

 Statistically, the most
powerful Bt - J/Y¢pK™
sample analyzed so far

Use sidebands to subtract
background

32



B - J/YPK*

- T :OE
— X —| i e+
Nl l2 o
— X0) N o I &
- — 1 =
_ b_»_&s X ™ T
By —4-—*‘<E§ =3 E g
é} K = .
«— X(4274)? — = 1z
— X(4140)? — =k |
25 3 35 4 25 5 — J/we NIT IO IN IT
? KoLk (A;l/\l 01 ;PIQ!A [eusts
= 300: QG
§ - background subtracted
;»2 250:_ LHCb —@— and efficiency corrected “
2 200f-
2 s () Is it a reflection of
- . . k_ —
1ol Q interfering K~ — ¢gK~ ?
JF Proper amplitude analysis
i necessary to check

19100 1500 1600 1700 1800 1900 2000 2100 2200 2300

L. Zhang Kaon excitations Mo x 17E
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Candidates/(30 MeV)

Amplitude fit including 4 exotic X

LHCb-PAPER-2016-019 arXiv: 1606.07898
* Four X states + NR J/y¢ give very significant improvements

over the models with K*s alone

 Default model also includes NR ¢K + 7 K™ (float M, and I)
that are significant

* These results add significantly to the knowledge of K
spectroscopy (results in the paper and backup)

300 - + —=— data 2 C

[ —e— total fit = I o

N ‘+ + —— background |2 120: P 22% + + LHCD
250 —— I"NR > N

E K1Y § 100

- K'(1%) 5 C
200F — KQWK'2) | E 80F

n —— K'(1) ©) -
150 —— K'(2% 60

N —— K(0) C
100~ == I" X (4140) 40

- == 1" X (4274) N

- % 01 X (4500) o
50: . |7 0T X (4700) 20F

: e AL :

1600 1800 2000 2200 2400
mgy, [MeV] My IMEV]
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Results LHCb-PAPER-2016-019 arXiv: 1606.07898

« JPC are useful for interpretations of the states
e X(4140) & X(4274): identified as J/¢ = 1" at > 5o
* X(4500) & X(4700): JP€=0"" at > 4o

Contri- sign. Fit results
bution  or Ref. My [MeV | [y [MeV ] FF %
All X(17) 16+£3 95
X (4140) 840 41465445746 [g834£21+2 I\ 1343243
Average other experiments 4143.441.9 15.7£6.3 substantially larger
X(4274)  6.00c 427334831172 56+117F°% 714+25%3°

CDF 28] 42744752419 32748
CMS 25]  4313.845.3£7.3 387 £ 16
All X(0F) 284+ 5+ 7
NRjys  6.4o 4641175,
X (4500)  6.10 450641112 924-21 *2 6.6+£2.4737
X(4700)  5.60  4704£10 713 120431 133 124+ 517
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Search for BYm* state

]
L. Zhang 36



A new B)nt? state claimed by DO

/ , ,  [D@: arXiv:1602.07588, PRL 117, 022003 (2016)] \
Claimed evidence of an exotic state

® X(5568)* — Bom*, BY = J /Y, J /b —» p*u~, ¢ > KK~
M=5567.8 + 2.9%33 MeV
=219+ 64752 MeV

@ Fraction of BY from XT decay: p)?ﬂ =(8.6 19 = 1.4)% 00
\0 If confirmed, would be unique with 4 different flavours

[ N(B.)~ 5500 | N(X) =106 + 23 N(X) =133 + 31
2000 - 4 DORunll, 104 ' ” - DO Run I, 10.4 fi* + ZZ = DO Run II, 10.4 '
v f Lol | $aE N
3 1500 Oges ~ 30 MeV 2 r + H + 2 e
s E o 80 60— (|1 | Signal
= % - +H * (\E" so E- Cone cut:
P g eop S E J@n)Z+Bp)% < 0.3
c
% < w0 S =
z — Fit with background shape fixad 20 -
20 3
10 |
’ e T T G e
: 5.10
™~ Signal significance]L
L. Zhang 37




Samples from LHCb 5177 5005 2016

— _ T T T ‘ T T T T E] T T T T I T T T T | T T T T | T T T _] — = T T T I T T T T | T T T T |=| E T ] T T T |
> 2 BY 5 D7t TS - 0 . |
60001 T = 12000 BY — g -
2 - S ST LHCb 4 2 - s ]/ :  LHCb
— —_ - 10000 5 —
o 5000F N(Bs) = 62k T » - N(B)=44k || ]
& 4000F O... = 15 MeV = > 80001 O... = 6 MeV =
£ 30000 S/IB= 4 £ 6000 S/B= -
2 u ] O - ]
o 2000 - 5 4000 i =
c C . C C ]
8 1000 - 8 2000 —
0 - 0= . . i . -
5300 5350 5400 5450 5500 5550 5600 5200 5250 5300 5350 5400 5450 5500
m(D: z+*) (MeV) m(J/ wé) (MeV)
O N
[BS sample 20x larger and much cleaner than DO
—_ — — F 9 90 ) —
% :ZZ%_ LHCb PT(Bg) ~5 GeV [l cteimec x(ssee) ctate —% 2505_ LHCb pT( B(s)) > 10 GeV [l ceimea x(s566) state _E soi— LHCb pT( Bg) > 15 GeV Bl cimea x(s568) state —E
E 700 E_ I:I Combinatorial _E g EI Combinatorial i 70 z_ \:I Combinatorial —f
2 o P g l b o E
g wor S A i i M :
% 400F- l = E bt f f 1 wof
S a0t T En i {{—
© E = E | E =
C 200 — F J 20 —
© E 3 50 i 3
O 100f- 34 F 1 10 3
= ‘01._—..................... S P .............; 2:............................ [ ................................—._ 2_—----................... ...............................................:
S e e T T I T 2 et b 1&1: ! fiy s R ad bt 2 W pornmb el b W ERRRE R iR
& _2___’_}_f_i___'___‘f____‘__{_}__f‘_’_f_{_5__’1}__’_‘_1___t_’_tf'_’}_{_f_i_{*_‘_{_f___tj___‘___5__;3____ —g...’.i'.*...’ff.’f.’.’..’..’.f ...... e DR i.....f..].‘..’..*.’..*f.’.’...*f*.*.f.*."..‘ 7(2)“..’.f’.‘.....ff’...’.’.........*.’..!...’..*f.f.f...’.*f*.*.'ff.f.*.’. ................. i
- 5550 5600 5650 5700 5750 5800 5850 5900 5950 6(;)0 = 5550 5600 5650 5700 5750 5800 5850 5900 5950 eo_oo - 5550 5600 5650 5700 5750 5800 5850 5900 5950 6000
m(B%r:) (MeV) m(Br:) (MeV) m(B2r+) (MeV)

No evident X(5568) in Bdn® sample for 3 different pr(BY) cuts
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° s LHCb-PAPER-2016-029
Upper llmlts PRL 117, 152003 (2016)

S 0ost | = so%CLULir=1OMev - "{_'I'gs}é:LoL'.'r'_'asMev” =
At 90% (95%) CL b mmmmnmy e
+ T LHCb p_(B)>5 GeV -
,OLH Cb _ o(pp—>X+anything; X —BJTT) O L s M3
O-(pp_)BS +anythlng) O R ° o O
in LHCb acceptance "S55 5000 56 5100 5730 500 '5'8'5'0' 5300 5950 6000
Q 007 |""|""|""|""|_
PP (pr(BY) > 5GeV) < 0.011 (0.012) 3x ou "' St L

PP (pp(BY) > 10GeV) < 0.021 (0.024)

*. LHCb p_(B%>10 GeV
004 & T

|IIII|IIII|I1II|II1I|IIII|IIII
S e P
|IIII|IIII|I]II|II]I|IIII|III

PP (pp(BY) > 15GeV) < 0.018 (0.020) 003= 7 o%Y
0.025 & v et
0.01E=7 «i u ‘ , _ -
e N £ 0 Ot oo S, M SR I
Q) Slgnl 1cant B T[ States 5550 5600 5650 5700 5750 5800 5850 5900 5950 6000
O T o U T towev toon. socL ol Totomey
for any mass and width below ¥ o TRt~

LHCb p_(B2) > 15 GeV

6 GeV

0.03
0.02

Upper limit 1s set as a
funCthn Of m( X) and F(X) 05550 5600 5650 5700 5750 5800 5850 5900 5950 6000

m(X) (MeV)
L. Zhang 39
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Summary

» No significant signal for a tetraquark of Bdw* for m < 6 GeV

* 7.(4430) state 1s confirmed, and two pentaquark states P.(4380)"
and P.(4450)" are observed

* Using amplitude analysis, 3.1 evidence is seen for the exotic
hadron contributions in A}, = J/ypm™ (more data needed)

* Four X = J/Y@ observed in the 15 full e AR aoe 0
amplitude analysis of B — J /YK ™ IHEP 05 (2016) 132

AY S W pK-
[ 4] T
| LHCbH
I Nsig =
" 665 + 28

* More studied can be made with Run-II
data, in similar channels where | /1 |
replaced by ', x.1, 1, etc. | S

E 5.6
m((28)[— wu|pK™) [GeV/c?]

]
L. Zhang 40
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ﬁ)\C/\D
& Y

Search for BY ™ state: fits w/o signal

—~ 900 — — —_ = — |
% 800 i_ |_H Cb pT(Bg) >5 Gev D Combinatorial i % - :_ LH Cb PT(Bg) >10 Gev I:l Combinatorial _:
E 7005 = E = .
~ 600 1 ¢ % 1 2 200 {_+ } + =
P = #Re -
8 500 - b ¥ 1t - 8 150F- :
w400 - S - 7
O 300 =4 B 100 —
o B = T - =
C 200 —= c C ]
© E = O 50— -
(@) 100 ;— _; O - ]
_ oF 3 — 9 .
5 g Freamsmsmnnamnnnannnns {_ _________________ T _________ { _______ i {_ _______________ 3 % ...................... { -------- F --------- ; ---------------------------------
* 3 At e el j;li.*.*.‘i*f‘ . i e T e
5550 5600 5650 5700 5750 5800 5850 5900 5950 6000 5550 5600 5650 5700 5750 5800 5850 5900 5950 6000
m(B2r+) (MeV) m(B%r+) (MeV)
’>'~ 90 —
> 80 LHCb PT(Bg) >15 GeV I:‘ Combinatorial
LHCb-PAPER-2016-029 =

Hll\lllllll IIII|

arXiv:1608.00435
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=]
T T[T [T T T TTTT
e
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LHCb-PAPER-2016-029

Search for B ng'i state arXiv:1608.00435

« Superimpose signal component assuming p¥HcP = pP¥ =
8.6%
% 300;— LHCb pT( Bg) S 10 G eV Claimed X(5568) state—;
2 250 — Combinatorial 7
Q0 - -
~ 200 -
< : : 4, t
g 1 T T
2 ool =
O - 7
G s0F- =
O - l
OJ Ll P T T T T O O B Ll Ll L T

5550 5600 5650 5700 5750 5800 5850 5900 5950 6000
0_.
m(B.r7) (MeV)

I ——
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Amplitude analysis needed

* All previous analyses performed naive 1D mass fits to

Mg
— Ad hoc assumptions about kaon contributions (e.g. 3-body
phase-space distribution, incoherent)

— No sensitivity to JP¢ of X structures

Perform first amplitude analysis of B*—=J/y ¢ K* B* rest frame

V rest frame K'rest frame

6D maximum likelihood fit

. P 2
‘Matrszle(mm,Q [/ ’MR’FR’HR)‘ 1-4 independent complex helicity couplings

Hjy per K resonance

L. Zhang 44



M(K ) [MeV]

2D, 2°D,
2200 : =D — IEO , =  Guidance from quark
F31S e . 3P2*p2 = 1! = ~  model prediction
2000F= "0 2P, 0 LS 33 0
[ of I C el 1 D) I'F, M Godfrey-Isgur,
- 3 =2 2 1D, 2 < PRD 32, 189 (1985)
B = 8Tz 5T s || e .
" S =< EEpp 2 2 Established
1600 g i< ==IDi= < & |
- 1 S - Unconfirmed
1400 " I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 E
0 1 2 3 7 ,
b e oy L LHCb-PAPER-2016-019 arXiv: 1606.07898
JJ 0 1 17177072722 13 33" 274
> =
§ 120 p=10-7 +H' + —=— data
% S
* MyandI'j of K's are % 100F  LHCb ' t e total fit (K's)
. = -
kept float in the fits 2 sof
Q L

e Data can not be 60
described by K™ only sof

— Example fit: 12 K* + NR 20f-
oK ok

- LA L l - L A
4100 4200 4300 4400 4500

4600

" R - 1
4700 4800

My e [MeV]
L. Zhang 45




Is X(4140) a D,*D,"- cusp ?

LHCb-PAPER-2016-019 arXiv: 1606.07898

Cusp Model K
* + LHCb B

120

100

D,

80

Candidates/(10 MeV)

60

40

20

/

Cusp model by
E. S. Swanson, arXiv:1504.07952

Db m,,.,, [MeV] I
sDs - cusp (see also PRD91, 034009 (2015))

* The cusp 1s preferred by 1.6c over the Breit-Wigner amplitude for
X(4140) from the fit likelihood ratio

* No success in describing any other J/\w¢ mass structures as a cusp

L. Zhang 46



Amplitude Analysis Formalism

— Allows for the conventional A* — pK resonances to interfere with pentaquark states

P —=]/yp
So 6D fit
2
1Al P,

S‘yy AO )‘pA)‘#+e #“ZdAPCA )MA() )\P JAN,

\ip M Ak APe
A* Decay Chain P Decay Chain

A, rest fiame A, rest f
¢=0 Q ] 1 rest frame fest trame T 6

y rest frame

[LAB frame /<lfa.1b frame

L. Zhang 47



Systematic uncertainty er'its55551 Gos

AbO_) J/\ll pK-
Source My (MeV) Ty (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 07 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%,5/27) or (5/2%,3/27) 10 1.2 34 10 0.76 0.44

d=15—4.5 GeV~! 9 0.6 19 3 029 0.42 0.36 1.91
Lié AY) — PF (low/high) K~ 6 0.7 4 8 0.37 0.16

Lp, P} (low/high) — Jh)p 4 04 31 7 0.63 0.37

Lf{g A) — T/ A* 11 0.3 20 2 0.81 0.53 3.34 2.31
Efficiencies 1 04 4 0 013 002 026 023
Change A(1405) coupling 0 0 0 0 0 0 1.90 0
Overall 29 25 8 19 4.21 1.05 5.82 3.89
sFit/cFit cross check 5 1.0 11 3 046 0.01 0.45 0.13
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LHCb-PAPER-2016-015

Systematic uncertainty e 1606069,

to appear in PRL

A= Jypm
Source P.(4450)"  P.(4380)" Z.(4200)~
N* masses and widths +0.05 +0.23 +0.31
Pt Z- masses and widths  40.32 +1.27 +1.56
Additional N* o o e
Inclusion of Z.(4430)~ +0.01 +0.97 +2.87
Exclusion of Z.(4200)~ —0.15 +1.61 -
Other .J* 00 o8 ol6
Blatt—Weisskopf radius +0.11 +0.17 +0.21
Lﬁlvg* in A} — Jjip N* +0.07 +0.46 +0.04
L' in A) — Pfr~ —0.05 —0.17 +0.09
b

L3 in AY — Z7p +0.07 +0.22 +0.53
K-matrix model —0.03 +0.11 —0.02
P couplings +0.14 +0.31 +0.36
Background subtraction —0.07 —0.13 —0.39
Total a8 iy Tioa

L. Zhang "



Systematic uncertainty LHCb-PAPER-2016-019

arXiv: 1606.07898

— 1+ X (4140) X (4274) 0F X (4500) X (4700) NR
var. FF M, I, FF M, T, FF| FF M, T, FF M, T, FF FF
K* 2.0 +3.6 +17.1 422 +11.2 +7.9 +1.4] +1.8 +9.3 +13.8 +2.0 +7.5 +38.6 +6.7 +8.0
model ~ —1.7 —2.6 —11.7 =19 —-25 -85 —1.5|—11.0 —8.6 —16.6 —1.7 —18.9 —13.5 —4.8 —16.6
L 132 +2.2 +7.3 421 +10.6 +1.4 +1.0] +0.3 +1.3 +10.8 +1.7 +9.0 +12.4 +1.5 +1.2
var. 4+0.0 1.2 —6.2 —0.5 —0.8 —4.6 —1.2| —47 —9.6 —11.2 —1.6 —6.8 —24.9 —0.8 -85
NR exp. +04 —02 —0.1 +04 —02 +0.6 08| —1.7 +6.3 +0.3 +0.2 +7.1 —15.7 —1.7 —9.1
X cusp  +2.2 +0.9 464 —54 —14| —-12 400 +1.2 402 +1.9 —-25 05 —1.6
ot ~0.6 +0.2 +1.5 —04 +3.2 +0.2 —0.3| +0.1 +0.8 —0.1 —0.3 +0.9 —58 —0.9 —1.1
d=15  —09 +1.1 +53 —0.5 +2.2 +0.8 —0.4| 40.5 +1.7 +32 +0.1 —0.1 +1.7 +0.0 +1.1

d=5.0 +1.1 -0.2 -2.0 +0.6 +0.2 -0.8 +0.3| -0.5 -1.0 -3.1 -0.1 -1.2 -3.2 —-0.7 —-2.5
Left s. +0.1 -04 -2.0 +0.1 +04 -0.8 +0.1| =05 -24 -26 -0.2 -15 -3.1 -0.7 —-1.2
Right s. -0.3 +0.3 +26 -02 -0.6 +1.0 +0.0| +0.5 +3.7 +34 +04 +1.2 +4+7.0 +0.8 +1.6
B +12 -06 -3.6 +1.2 +1.7 -0.7 +0.9| =25 —-46 —-11.1 -05 -39 —-6.1 —-14 -—-14
No wM¢ +1.6 +0.0 +0.0 +0.1 +0.0 +0.0 +1.4| +1.7 +0.0 +0.2 +0.2 +0.1 +0.0 +1.2 +2.7
¢ window +2.5 +1.1 +4.7 +24 -16 +14 +18| +4.2 —-43 471 +1.2 -93 +58 +0.7 +4.7

Total +5.9 +4.6 +20.7 +4.7 +17.2 +84 +3.5| +6.5 +12.0 +20.8 +3.2 +13.9 +42.0 +7.2 +11.0
Sys. -2.1 =28 -13.5 =20 —-3.6 —11.1 —24| —6.7 —14.5 =204 —-2.3 —24.1 —-33.3 —5.3 —21.0

Stat. 28 45 207 32 83 109 25 5.1 11.1 21.2 24 10.1 30.7 49 10.7

pr*>500 —1.3 +1.6 +1.7 —2.7 +7.8 +12.2 +0.2| -9.6 -10.9 —-18.6 —3.2 —4.7 —-12.7 —6.6 —17.1
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Log-likelihood ratio method

* Likelihood ratio for PDF(m,,r; y|Ho) and PDF(my,r 1y, [Hy)

* H,; can well present my,,, ,),,, spectrum in data using /;,,,=30/31

B —» y'mK*
;’ﬁ :I I I I I I Il I | | I I I I I I I | I I = ﬂ
s F ; Data 1 10
£ [ LHCbS! 152 G 1 £
S 2 5
L i 7 Q.
& 5
2 10F 3 10
= Toy ] a3
2 f generated 1 <
"-5 i with H() i -u;j 10
= 1 3 g
~ C ] =
=R 1 A
2 E 1
107 £ o E
- N IR AT T, A bl
0 1000 2000 3000
—2In(Lo/L4)

/\b——) J/\V p K

o PDF(A(-2InL) [H)

—

— Bif. Gaussian fit

LHCb

. .
- Y

\ 4

U AN TN NN T [ T A T IR

80 100 120 140 160 180
—2In(Lo/L1)

However, this approach cannot characterize exotics — amplitude analysis is still necessary

L. Zhang
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X(4140) from g

[ Phys. Rev. D 89, 012004 (2014) ]

500 D Runll, 104" +Data () 60 DO Runll, 10.4 fb' 4+ Data (C)
_ ; > — Full Fit
%150 : 215437 ) Full Fit § Background Subtracted Xr41 4:))
. Q40 3.1c - X(4330)
£100 =~
o 20
> 50 O =,
o- R PP A S T "‘-41"'”_” & S, ‘
5.2 5.3 5.4 0
g 4.2 4.3 44 4.5
M(J/yK'KK") (GeV) M(J/yK*K') (GeV)
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Fitted angles in J/y¢K

300 L] L} L}

e

-=-data — T NRy
——fotal fit K(T)

—— D?Ckground Kl( 1"’)

0" NRy,, X A
= 1 x(a140) = K@K
2 1 X(4274) = K'(1)
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o Fit quality is good in all-fitted-vartables—— .




K* results

Default model: 6 K* resonances (of 4 different J”) + 1 NR ¢pK

Our results
are given
by the red
points with
error bars

Excellent
agreement
between our
results and
both theory
and previous
experiments
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X exotics as D)D) cusps?

Breit-Wigner Model Cusps Model
K
B y i /
D,
X D, ("

/ Jy ~
1
BW (m|Mp, I'y) Mg - m'—"— tMpl'(m) d\ / d\

c 2 /132
d3q e~ 247/

I(m|Bo)= /(277)3 m— My— Mp— L +ic

2pAB

Cusp model by
E. S. Swanson, arXiv:1504.07952

(seealsoPRDOT 037009 (20T "



Argand diagram: Breit-Wigner vs cusp

Peak
amplitude
_ 1 U ]
: a B
£ 0.85
0f ;
0¥ |
0.2F |
i Below threshold Peak
e i' n: ~ amplitude

0.2 |

-0.2 0 0.2 0.4 0.6 0.8 1

Re A(m)

Different shape and phase running with mass




Cusps

CUSp peaks at the stm of masses of the virtual Rarrow-Dgy. | pairs.
Width of cusp in Swanson model is controlled with a free parameter (3,)
JP of cusp determined by JPs of virtual Dg pairs (cusps occur in S-wave)

%107
0.14 _o" o* *)- AIIcombinatigns .of
— Mslsx narrow D, excitations
0.12 —1" AR 0)-
0 Os Dex ‘
- N - 4
01 _1_ -DSODSX ') "‘ f‘
0.08 -2 i 40
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' =3 !
0.04 P : (Bo=0.3 GeV)
0-02 :: ““‘ ;

Is X(4140) a D.;*D."" cusp ?

Right JP=1* .
Is X(4274) a D,*Dy” - cusp ?

Wrong JP=0-




Theoretical interpretations of X(4140),X(4274)

Molecular models

The determination of the quantum
numbers of X(4140) as JPC=1++
rules out many interpretations.
Namely, 0** or 2++ Dy*Dg*
molecules. The large width is also
not expected for true molecular
bound states.

However, X(4140) may be a 1**
DsDs* cusp (form of rescattering)

Hybrid models

Hybrid charmonium states
proposed for X(4140) would have
JPC=1-* Thus they are also ruled
out.

Tightly-bound
tetraquark models

There are tetraquark models which
predict states with JP¢=0-*, 1-* or 0**,
2** near X(4140); these can be ruled
out.

A tetraquark model implemented by
Stancu [JP G37, 075017 (2010),
arXiv:0906.2485] correctly assigns
1+* to X(4140) and predicts a second
1+* state at a mass not much higher
than X(4274)

A Lattice calculation by Padmanth et
al [PRD92, 034501 (2015)], based
on a diquark tetraquark model, found
no evidence for a 1** tetraquark
below 4.2 GeV
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Efficiency /20 MeV/c?

X(4140) from B-factories

No evidences reported

o
o

'i"
by B-factories :
— Low efficiency at i
threshold region
[PRD91 012003 (2015)] =Y
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Search for X,

Upper limit on R

* Xi,—Y(1S)n*tn~ : bottomonium counterpart of X(3872)

(0B)x,
(6B)y(25)

* Set 95% CL upper limit on R = as a

function of My,

| PLB 727 (2013) 57 PLB 740 (2015) 199

4%

[am I LI I S S | —
T | | T T | =
CcMsS [ + 10 Expected o ATLAS — zbcsfrve: )
o |- 4 = | 2T e edian Expecte
100/0 Vs =8 TeV [_]+20Expected g 10— (s—8TeV. 162" e Bana P N
8% [ L =2071b" .88 Median expected] 7 e e
6% —— Observed 7 = -

2%

95% Cl
T

102
1% o

I I | | I I | | | ]

10 10.1 102 103 104 105 106 10.7 108 109 1 I T T T
be [GeV] 10000 10200 10400 10600 10800 11000 11200
Parent Mass [MeV]
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Candidates/(3 MeV/c?)

X(3872) decay

— 12
[ ] o
e U L RS
* CMS: " spectrum in X(3872) — J/y nt* el °F
n- decays, consistent with p¥ pHEP 1304, 154 2013)] %% B, 1y
e LHCDb: search for X(3872)—pp decays, g
in B*—=K*pp with 1 fb-! [ric73, 2642 (2013)] - 18
§g}w i H:Z
a0 6951176 £ uf 1 Cweepon
600 E, + ) -1:
400 é 20 T
200 I — '
of— L R . S N\ y 3 .
5150 5200 5250 5300 535|(\)npuK [I?II?\(I)/ ] 3800 3850 3900 3950 M, [Mewggloo

* Upper limat:
BR(X(3872)—pp)

<2.0x 10
BR(X(3872) )/ yr'n) g
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X(3872)

* First exotic observed by Belle in 2003, and then
confirmed by CDF and other experiments

BELLE 6000
PR CDF 1l !
“w(2S) a) Belle dota i 2200 © 800-DO X(3872)
300 — . 5000+ 21004 | é
‘“ i ] | 2000] I
e} 1 | + 2 600
)] 34000_ 19007 - -
O = R l ] 4 » o
© 200 [~ 1 = f| 1800 t t e I 3
p i 1 = © -t =
<) - 1 $30007 H 700 %0 ams 880 sos B 400 z
) - . = o ¢ @
:]C: L | 8 | | % § 10000
LA X(3872) | £2000] ” ” quw'\.w.mma‘,.‘, 9 200~ 2
- 3617 events 1 o e - S
- i 10001 I M . (GeVic)
0| JM 0-.||0|6|||10|711|10I8||HL|[|0[91|1|1
0.40 0.80 1.20 o M....-M . (GeVic®)
M@ TTT) - MO'T) (GeVicd) 3.65 3.70 3.75 3.80 3.85 3.90 3.95 4.00

Jiyn*n Mass (GeV/c2)
PRL 91, 262001, (2003)
PRL 93, 072001 (2004) PRL 93, 162002 (2004)
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X(3872)

e Studied now 1n details:

— Mass = 3871.69 £ 0.17 MeV
[PDG], Width < 1.2 MeV

mX(3872) — (mD*O+mD0) =—0.11+0.22 MeV
[PDG]

— Decays: open charm, charmonium (J/yn™n, ...)
— Production both in B decays and hadron collisions
Like conventional charmonium state

— It also decays with strong 1sospin violation

BX > /) _
8X - pJ/Y)

Comparable with a D*°D® molecular interpretation

1

R ———
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X(3872) JPC: Motivation
X(3872) quantum numbers will help to better

understand the state.

> D*OEO molecule, 1.e.a ((ME)(CJ)) SyStem? : g

o Requires JF¢=1++

» Tetraquark?

o Allows with JPFC = 1++

> Conventional charmonium 23950_
states?
o x.,(2°P)) requires JPC = 1*+

o N.(I'D,) requires JP¢ =2-+

/

(n2s+ILJ)

L. Zhang

3800

3750

3700

Charmonium spectrum

h(2P)

ZCI(ZP)

XCZ(ZP)

X(3872)

w(3770)

[Open charm threshold

0+

1-- 1+

0+ 1%F 2t 20% 27- 3 Je




Radiative decays of X(3872)

. _B(X(3872)>w(2S)y)
Measurement of R, = Z (X(3872)>17y7)
a good probe for internal structure of X(3872)

.BaBar2009 PRL 102 (2009)
132001
Belle 2011 PRI 107 (2011) 091803
90% CL UL ‘
. predictions for pure cc state efficiency(y(2S)y) / efficiency(J/yy) ~ 1
| prediction for pure DD* model
predictions for admixture of cc and DD* y(2S)y disfavored by phase-space
s .
- but enhanced by E1 matrix element:
e e R = | <2S|r|2P> |2+ |<1S|r|2P>|2
n

For theory predictions, see references in Nucl.Phys. B886, 665 (2014)
* Previous measurements by BaBar and Belle barely
consistent and favoring the opposite conclusions
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Projections of 2D fit to m,«, vs m,

\?~(/
lp/yz
0 B
2
ﬁ)\(,\”
& Y

Radiative decays of X(3872)@LHCDb

Nucl.Phys. B886, 665 (2014)
B*—X(3872)K",

10

B+—>X(3872)K,
X(3872)—>wy(2S)y 3fh! X(3872)—Jyy
) 40: a) 1500
é sof LHCP B’ Lch?})
; § 1000 -
g 20

:‘ —;Effl

Gk

5.1 5.2 i
m W(2S)yK+ \C(‘\ (‘2:
40
2 F 36.419.0 events
= YF 440 x(3872) -{-
;_ 20—
ERT = +
R
TNap(9S)y [GeV/c?

Candidates /(10 MeV/c?)

Candidates/ (10 MeV/*)

500
05 "5'.1""5.'2""5f:a_;"""'5f4f ~ 5.
M Ay yK+ GeV /7]
400
- + b)
ook 591 148 events X(3872) LHCD

T s ey
38 39

7

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

L. Zhang

efficiency(y(2S)y) / efficiency(J/yy) ~ 0.2
Detecting soft photons at hadron collider is hard.

[GeV/c2]

1
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Radiative decays of X(3872)@LHCb (/7

Signal events: Signal significance:
B+—>X(3872)K*,
4X(3872)>y(2S)y, )/ wy W(2S)y, I/ yy

| o BaBar 2009 PRL 102 (2009) &
! 254+7.3, 23.0x£64 3.60,3.50

Belle 2041 | B
i IPRL ]:07 (2011) 091803 < 507119, 30.0%%2 0.4c, 4.96
LACPO1: Nucl.Phys. B886, 665 (20140)§G88  36.4+9.0,591.0+48.0 4.4c, 120

90% CL UL X =
il prediction fo:r pure DD*EmodeI R\vy =248+0.64+ 0-29%
predictions for admixture of cc and DD*

s diiii iz

1 1
[} 1
TR B SN P IS T S N NN SR ST A

| PR PR B -
1 2 3 4 5 6 7

R
« The LHCD results are consistent with, but more precise than, the BaBar and Belle

results
» The results are not consistent with the expectations for pure molecular X(3872)

» The favorite X(3872) interpretation is a mixture of a y.(2°P;) charmonium state
and of D*YD? molecule or cusp [arXiv:1404.3723]
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X(3872) production

* All hadron collisions reported X(3872)

CDF [PRL93, 072001 (2004)], DO [PRL93, 162002 (2004)], LHCb [EPIC72, 1972 (2012)] and CMS [JHEP 1304, 154 (2013)].

* Study regions: central (CMS, |y|<1.2) or forward (LHCb, 2. 5<y<4 5)
% 1600 x10° > bl T " CMS \EL7TeV
3 L_H Cb % - OMS \E=7TeV 1 8 AN CMS L=481b"
S 1400/~ \5=7Tev s 100~ L=481" 108 AN lyl<1.2
N L 10<p <50 GeV +data B c L O\
P O (G <12 —total fit = N\ —LONRQCD _
£ 1200 2 80 Z . ---b;ackgiround A ;M - f ... ---LO NRQCD uncertainty -
5 % o / - signa 1 o ok [Artoisenet, Braateh,
1000 3 [ i - SHEN: t “>X-PRD81, 114018 (2G110)]
9 e 128 ¢ N -
800 % . ‘; g 8 H
O B 3 <
40 2 i 1 B
%0 i : 8 T i 102k =
L m(Jly x°') [GeV] i E * 3
400 20" -
e e e Levevvnva, Lovvnvnany Lovvuvnvny
200 i ] ] 10 15 20 25 30
0 PR PR A PN U TP AN PO PO PO PSR TN St A PR AP AP R pT(J/Wn+n) [GeV]
) P B R 3.6 3.7 3.8 3.9 4 - e e N s
M(Jhy 7.7) [MeVic s | Z ylet2
N 0.4 .
LHCb: Ginclusiveg(x(3872)_'J/\VTCJrTC_) [2.5<y<4.5, pT>5 GeV] = © f T {
I ®
5.4+1.310.8 nb < O'S;F I |
a [
CMS: G promptB(X(3872) =)/ yrrm) [IvI<i-2,pT>10GeVl = §0.2:— + .
1.06+£0.11+0.15 nb S ot

CMS: Fraction of X(3872) from B hadron = (26.3+2.3+1.6)% ___ ‘Fraction from B hadror decay
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