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Introduction

* Exotic states are important for understanding strong
force in QCD
— Prediced 1in quark model

— Recent experimental results show strong evidence for their
existence

mesonic
molecule ? tetraquark ? pentaquark ? hybrid ?
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Tetraquark candidates
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4 X - J/YP@ states in BT - J/PpPpK™

* X(4140) first observed by CDF; evidence for X (4274)
 Ist full amplitude w/ world largest sample of 4300 signals

at LHCDb

* Good fit with 4 X states + 7 K** - ¢pK™ + NR’s
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Results

PRL 118, 022003 (2017)

« 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)  6.00 4273.348.31172 564+11+F° 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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A new B)nt? state claimed by DO

laimed evidence of an exotic state
¢ X(5568)* — Bdn*, B = J /e, ]/ » ptu~, ¢ - KTK~
M=5567.8 + 2.9%33 MeV
I =219+ 64132 MeVv

@ Fraction of B? from X* decay: p2? = (8.6 £1.9 + 1.4) %
\0 If confirmed, would be unique with 4 different flavours

/C [DO: arXiv:1602.07588, PRL 117, 022003 (2016)] \
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Samp]es from LHCbh  PRL117 152003 2016)
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PRL 117, 152003 (2016)

Upper limits

CMS preliminary 19.7 o' (8 TeV)
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Pentaquark candidates
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Good fit in all dimensions
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B ey T T T
2000} - -
e o -,
+ - 150;'202‘ 3
1500 zt*t‘fﬂmﬂ‘ - =, o
40, T
1000} b -
= cosO,, K
500 - =
’ : .1.1.-:,_«;,.: ﬁ t.! ;j

-@- total fit

—_ background

< P,(4450) Al
= P,(4380)

-+ A(1405)
.- A(1520)

A LS A(1600)

2000}

1500
-

1000

500

2 plrad]

11



Observation of pentaquark states

____ P.(4380 P(4450)*

Significance 9c 126
Mass (MeV) 4380 £ 8 £ 29 44498 +£1.7+£2.5
Width (MeV) 200+ 18+ 86 39+£5+19
Fit fraction(%) 84+07x4.2 41+£05x1.1
8(A\) — PYK~; (2.56 + 0.22 + 1.28734%)  (1.25 + 0.15 + 0.33%3-22
X 107> X 1073

PF = J/Pp)

PRL 115, 072001 (2015)
& measurements reported in Chinese Physics C, 40, 011001 (2016)
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JE determination

JF are important for their interpretations
— (3/27,5/2™%) is the best fit
(3/2%,5/27) & (5/2%,3/27) are also possible
* Information from the

s °F ~z= Combined P,
angular distribution of P, goo_ LHCb e ae0
e Ongoing Run-II analysis, S_
aim to identify J* with
improved A" modellings .
[PRD 93, 034029 (2016)] s

arXiv:1509.04051
The discovery opened a gate to study pentaquarks

L. Zhang
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Cabibbo-suppressed decays

 Find the same P in other channels is helpful to understand the
production mechanism and internal structure

« A) = J/Wpn~ is Cabibbo-suppressed w.r.t. | /YpK ™~
* Two production mechanisms predicted:

b-c b - u & cc from sea quarks
a . _
- g K=(n) ﬂK (™)
b —>» {’@- W

Agl:u >— g p+ Abg . u
N ——— ¢

e ¢

d

= 0.07~0.08 R./x = 0.58 £ 0.05

[Cheng, Phys. Rev. D 92, 096009 (2015)] [Hsiao, Phys. Lett. B 751, 572 (2015)]

L. Zhang 14
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 >10 lower signal in A} — J/ypm~ thanin A} - J/YpK~

* But more complex because of possible Z, — J/Ym™

L. Zhang
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Full amplitude fits to A) — J/ypm~

* Significance of P.(4380)™, P.(4450)", Z.(4200)~ take
together is 3.1 o including syst.

e First evidence! PRL 117, 082003 (2016)
S [ uAe & ——Data | [S40F v | aen
Q. 02k LHCb+ —— RMN*+Z+2P, | @ ¢ (b) + LHCb 3
= i EM N* 1 = 35F J E
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Further results for /lg - J/ypm~

* Significance of two P, 1s 3.3c, if assuming production of
Z.(4200)" is negligible. More data statistics are needed!

« Overall, P} productions are consistent between the two /12
decays Prediction

, —0.07~0.08
PRL 117, 082003 (2016)
P.(4450)*
m Fit fraction (%) 0.033 | ¥391¢6 +00114 0.009
Z.(4200)" 7.7+ 2.8%3%
P.(4380)* 5.1 4+ 1.5+26 P.(4380)"
P.(4450)* 1.6 52 %08 0.050 +[0.016+992¢ + 0.025
0 - IObSl T OH - lOJS
RIVK

X Another prediction R /x = 0.58 + 0.05 is ruled out
(b = u & cc from sea quarks)

L. Zhang 17



Observation of =, — J/YAK™

» Strange pentaquark (udscc) predicted in [PRL 105, 232001 (2010)]
* Can be searched for in the 5 decay [PRC 93, 065203 (2016)]

-4 Data LHCb

b g g Y/ dof —oals -
W= s VK- Ju/bl//EgOK LL ]
2 (A?)A i [ Comb. bkg
b (Ap) <:: u
d > > d }A(p)
S > > S
(u) (u) &
Ny =308+ 21(21c)  PLB 772 (2017) 265-273 2
\O _
Jf=- B(E = JWAK~ % 80F
= D&, wAK™) =(4.19£029+0.15)x102  § |
fro BAY = JhyA) Z oop
S 40f
M(Z;) — M(A)) = 177.08 + 0.47 & 0.16 MeV/c? 20 Y
One of two world best measurements! :2;?;;;;;;;;‘ii";i',.;i;;’ﬂ;;i},‘;';;i;;i;;;I;;;;i;‘;‘;;fﬁ
2. L S S .
—4F .

Expect ~1500 signals after 2018 for amplitude analysis "}/ k%) IMeviey
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Observation of /12 = Xc1,2)PK™

 Search for P.(4450)"in /12 —>[Xc(1,2)p]K “decays

—Test hypothesis of kinematic rescattering effect
. PRD 92 (2015) 071502
* First step: observe the decays, measure B

* Use xc@,2) = J/Yvy, constrain J /i)y mass to known y.q mass
LHCb-PAPER-2017-011

6(/12 - XclpK_) _ \ 1) 128 LHCb X ﬂ X

0 - > c2 - cl
B(A, = J/¥pK™) S 140 (a) 0 285+ 23 [{453+2
0.242+0.014+ 0.013 + 0.009 o 120 3457, PK

y < 100f EIA—x P
2 20 — = Comb.

0 - =
B(A(’)’ > Xe2PKT) _ B(Xcy) Z 6
B(4, = J/YpK~) 40

20

O PR
5450 5500

Q248i0.020i0.014i0.69 NS T
5600 5650 5700

m(y pK')[MeV/c?]
. Next step: full amplitude analysis with more data

5550

L. Zhan 19
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122001 PLB 749 (2015) 289
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L. Zhang
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Summary

 LHCDb 1s an active laboratory to study many
exotic states

* Other than updating these results with Run-II
data, many ongoing analyses:

— Tetraquark search in B® - J/YK*n~, aka
Z.(4200)"...

— Search for Pt in A) - AFDOK -
— Search for J=1/2 P¥in A), - n.pK~

— Search for pentaquarks with a single b quark and
pentaquarks with a single ¢ quark

L. Zhang 21



Summary

future epic content

coming soon
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4 X - J/YP@ states in BT - J/PpPpK™

X (4140) first observed by CDF; evidence for X(4274)

 Ist full amplitude w/ world largest sample of 4300 signals
at LHCb

No obvious J/YK™ strcture
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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 » wy'mK*
;'ﬁ :I I I I I I Il I I | I I I I I I I I I I = 4‘9
= f y Data - = 10°
= [ LHCbS®§ 1526 1 E
' - > 5
) - 2 . o
2 i i
2108 | ERNR-L
3 ¥ Toy 13
2t generated 1 <
= E VVltklI{b jg 10
= 1 i 3 g
e C i . =
—E B : ] Z
2! : 1
107 E
- il W ol bl
0 1000 2000 3000
—2In(Lo/L1)

/\b——) J/\V p K

..,.., . PDF(A(-2InL) | H))

— Bif. Gaussian fit

LHCb

\ 4

R e

U AN TN NN T [ T A T IR

20 0 20 40 60 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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Fitted angles in J/y¢K

—o—oo—o-

——fotal fit K(T)

-.-0{’ NRJ‘VO " Yoo
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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?uplin%s systematics
ed. xt.

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 L3 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 00 | 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

L. Zhang 27



Full amplitude fits to A) — J/ypm~

« 14 N* —» pmt~ states included to get significances of exotic states
* High mass N* are important for exotic study
— since exotic contribution 1s more visible in large m(pm™)

’;.jm_ Hoo A T btvenae | Included N(2300),
e ¢ M N (2709) reported by
> | < pdazen 1 BESIIin Y’ - ppr’
& | 1 [PRL 110, 022001 (2013)]
> 10§ VE
— I : If without them, exotic
il significance is > 5o
L £ ~T\<-\\: AN A
1 1.5 > 2.5
m,,. [GeV]

PRL 117, 082003 (2016)

L. Zhang 28



Model-independent confirmation

* My yp can not be explained by the reflections of K™ p alone

* Angular distribution of K~ p can be decomposed by P;(cos8)

dN &l
dcosd = <PI > fi(cos0) [ =2J x| for A*-only

Non-zero-moments in the yellow

Legendre moments
region mean exotic contribution

| B B L LA L | T 1

A*-only rejected by 9.0c ook 1=4 I=5 } 1=6 |
Exotic contribution confirmed S s i
1000f E O gprrgteoromsete -
J LHCb
- ~ %R : H it ]
800 A
- 2 10k =7 % =8 =9
v

Yield / (20 MeV)

600

400k

GeV]

n

'J*w p [
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X(4140) and X(4274)

* CDF observed a narrow (J/y ¢)

% *F arxiv:1101.6058
structure in B™ = J/yv ¢ K™ decays 250 cor (s o)
[Initial publication on 2.7 fb-! PRL102, %40 115£12 B~
242002 (2009)] g
— M=4143.4+3.0+0.6 MeV %f‘;
— I'=15.311%* + 2.5 MeV .

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

— Necessarily exotic since it 1S narrow
19+ 6 X(4140) [>56]

and above the DsDs threshold
— [cscs] 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(u*uK K)-m{u-u’) [GeV/c?]

L. Zhang ICHEP 2016 30



X(4140) and X(4274) from CMS

* Crucial to check by different experiments with larger statistics.

CMS \s 7TeVL 52fb cMs, \'s 71[\/ L_

P18 734 261 (2014)]

% T T N T 300 T 7]
< 2000 1 008<m(K K )< 1.035 GeV % C _ Data -
Ty) 1300:_-§ Am < 1.568 GeV = - CMS Global fit e
=~ - ¢ ¢ Data N S S— Three-body PS (global fit)
3 1600F- & - Fit Ry K . c i:c'upcer}f:/\int};bspdz
g 1400 Yeal = =1 Background & 200 3 E\\fggim:i:ﬂg gJ/\\};: O,K*; B
-8 12002— . Z E : ummne 1D fit E
% = 150 : -
© 1000F * - + .
soof- 24801160 events s 100§ \ + \ + ~H‘ =
600— | - pl— +,_,:; T R ;{_- e
= CMS - B [ o2
400 é L /”+ N JL j T .
200F- i Background subtracted &
a L Ll PP erarerarsl PR _ s
AE 5.2 525 5.3 m?:?lfl)K*K'?i‘}') [Ge\sll]45 B - S R Am1l[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
T, (MeV) 15.3+104 4 2 5 28115 4 19 19.9+12.6%}

L. Zhang ICHEP 2016
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X(4140) and X(4274) from CMS

* Crucial to check by different experiments with larger statistics.

Candidates / 5 MeV

CMS \s 7TeVL 52fb cMs, \'s 71[\/ L_

P18 734 261 (2014)]

2000 | L 1,008 < m(K*K" )< 1,035 GeV . ) S ! Data ! 5
1800 % Am < 1.568 GeV % - CMS Global fit e
o ) + Data e i (— Three-body PS (global fity ]
1600 & - Fit oy ¢ . +16 uncertainty band 3
1400~ “eal = =1 Background gzoo:_ . 1 E)’gmﬁmli:ﬂg 8;:5 3}5; B
1200 . = - + : ummne 1D fit .
E 3 150 - —
1000 - ]
soo- 24801160 events » 100§ \ + \ + ~H‘ =
600 ~— - i +,_,:; T T
C CMS - e ol
400 é L /”+ N JL j T .
200 ¥ . 4 Background subtracted g
é)" ' '." : " N B B B B B
15 52 5.25 53 m?\?/?pK*K'?(‘}') [Ge\5/]45 1.1 1.2 1.3 1.4 Amt[sGeV]
X(4274- CDF CMS [PLB 734, D@ [ PRD 89,
4351)? [arXiv:1101.6058] 261 (2014)] 012004 (2014) ]
Significance 3.1c >30

Mo (MeV) | 4274.478%+19 | 4313.8+53+7.3 43285 +12.0

T (MeV) 3231212 + 76 28%13 £ 19

L. Zhang ICHEP 2016
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L. Zhang range

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

 Statistically, the most
powerful B— J/y ¢ K
sample analyzed so far

Use sidebands to subtract
background
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