f 2016 JAEA/ASRC Reimei Workshop B
24-26 October, Inha University

TSINGHUA UNIVERSIT

M/ @ig

. -

B R Zhenvv.e_i Yang - . | -3
P - Tsinghua University, Beijing e
On b%alf of the LHCb collaboratlon 5

25 October 2016



Outline
> Introduction . |
- » Exotic spectroscopy at LHCb
Sae Pentaquarks :
o WTetragquarks_ e

> Conventional Spe'CtrOScopy at LHCb

_>'-SUmrﬁéfy-and outlook



The LHCb exper|ment

.

be De5|gned for. heavy flavor physics, 'eoverlng a broad
scope.of physics, e.g. '

* Indirect search of New Physics via precision measurements
of CPV, CKM and rare decays S,

e Hadron spectroscopy .

,> Pros of hadron: spectroscopy study -at LHCb
* large productlon Cross- sectlon at the LHC

EfflClent trlgger

i : Vertex locator with hlgh preC|S|on

High precision trackmg A
Powerful PID’f hadrons
Efficient muon system




Event 251784647
Run 125013
Thu, 09 Aug 2012 05:53:58
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LHCb Preliminary
2011+12+15 data
Single muon
Charmoni
B Other triggers
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LHCb Preliminary
2011+12 data

D’ - K+

Signal: 630 million

Powerful
hadron PID!

1850 1900
K7t mass [MeV/c’]




LHCb data taking
LHCb Integrated Luminosity in pp cnllisins 2010-2016

e 2016 (6.5 TeV):[L. X 2012
EUIE{EETE‘UJ . Run||u18fb .................... ..............

2012 (4.0 TeV):[2.
2011 (3.5 TeV): J1. Run-I: 3 fb—1
2010 (3.5 Tev):
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- All analyses shown
. here are based on
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Manth of year

- Data taking efficiehé?> 90% -



Spectroscopy at LHCb

> Study of spectroscopy can help to understand the nature of QCD

> LHCb has been playmg an important role i in the study of.
spectroscopy, standard or ex&lc since the LHC started
.+ X(3872),Z(4430)*, P.(4380)", c(4450)+ -
S Excited ¢ and b hadrons & : |

> Toplcs today focus on'the foIIowmg recent results

+ Model-independent study in A3 — J/ppK~decays
- Study in Cabibbo-suppressed A9 — J /tljpn decays

ot B R SR
e SearchforX(5568)+—>BO + ; |

* Properties of the‘b GELVIE JHEP 05 (2016) 161 | 2

- swdyof D mesons  [NNTOER .
* Excited D mesons in B — Dt mgecays



TiitRela.

Exotlc spectroscopy

Model mdependent study I |n Ay —>]/t[)pK decays |

- -Study In Cablbbo suppressed AO —>]/ll)p1l' decays

X - J/ P in Bt > J/PppK*

_Seargh for X(5568): - BIm*
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Observatlon of P (4380)+ and P (4450)+

% The peak structure of]/tpp in the"ﬂo = ]/1[)pK‘ S

decay attracted the attentlon of LHCb |n Iate 2014

* > The Dalitz plot show a horlzontal

e y)
band around m]/lpp = 20 GeV

‘across the whole m%(p reglon
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Strong indication of a
* resonant,J /yp state




Observatlon of P (4380)+ and P (4450)+

PRL 115 (2015) 072001 §

A full ampht,ude analy5|s shows thEne_cessn-y of '
two resonant states P.(4380)" and P.(4450)"

Resonance Mass (MeV) Width (MeV) | Significance Fit fraction(%)
P.(4380)* 4380+8+29 2051+18+86 8.4+0.71+4.2

P.(4450)" 4449.8+1.7+25 39x5x+19 41x05x1.1

B(AY - P.(4380)*K~)B(P{ - J/p) = (2.66 + 0.22 + 1.33*048) x 105

B(A9 - P.(4450)*K~)B(Pt - J/¥p) = (1.30 + 0.16 + 0.357923) x 10~°

CPC40 (2016) 011001
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. Mlanalysisof A} = J/YpK~ - -
> Model independe'nt proof is especiafly important, due to
-the difficulties in cons-truc}ion of a complete A” states '

Legendre moments: - . | _
ol Imax | p | sl aten
dcosf = Zl.=0 (P?>Pl(-c059) ~ 0 = OK* (0] § HA* |E A

‘ +1 dN K : Pl Fhie s : R
(Pf’) = f_1 WP,(cosB)dcosH ¢ -Z?:fg—i'-l’.l(cosai) |

Reflections of exotic hadrons
B can contribute to low and high
order moments:

| A% can contribute only to low-

order moments

“A*-only hypothes_,is-called H,

Ingx = 2/ 180 | Detecting non-zero moments -
| | ' - above 2], signals presence

]max : the hlghESt sp.ln of - wof exotic states

. k ‘
. possible A" resonances i



as functlon of m I |
:

> From known'A*, and quark model Ffedlctlons |
used as.a guide

Settmg [

max

> Much fewer known |
. states than predicted!,

T
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> Known A* states:

Mass range in Ab°—) J/\|JpK mg [MeV]

No A”s
bOXES M + r expected here:
. exclude
/1" mass predictions by oo
LOrlng Metsch Petry | 1200

EPJAL0 (2001)947 -




NuII hypothe5|s versus data e

> Toy MC simulates the reerctlon of mass and angular structure
of Kp onto My /y,, o

»

- » Limits ofl used (i.e. zero moments for orders > lmax)

> my /pp €CANNOt be explalned by the reflectlons of conventional
(non)resonances alone ‘ '
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Cablbbo suppressed decays AO — ] /tppqt

> Slgnal statistics Iower than AY - ]/tpp‘K“' (Cablbbo favored)':
1885 versus 26007 =

» Higher background fraction:‘18%'versus.5.4%
> Many N* and A states involved i_n"the decay' 5

-

-=- data

— total fit LHCb

L= — signal '
N51g 26,007 ----- background Ns]g = 1885 + 5(

w
~5.4% bkg A) - J/ypK~ S ~18% bkg

L
A, signal range

sideband

PRL 115 (2015) 072001 : - : PRL 117 (2016) 082003



Posslble exetlc constrlbutlon |n AO = ]/1/Jpn'

. PRL 117 (2016) 082003 [

' > More complicate due to possible Z sta;,gs
» Exotic hadron contrlbutlons examined are: e

6(4380)Jr C(4450)+ - J/Wp* and Z,.(4200)" —>]/1[)Tl'
> Z,(4200)":my = 4196135 MeV, I' = 370* 3 MeV, JP = 1"
. byBelle (6.2c) in B® - J/yYm~ K" decays [PrRDS8(2013) 074026]

1 P.(4450)*
imy+ T,

1P,(4380)*
im,+T,




Amplltude flts to AO & ]/1/Jp1t , :  s

> Slgnlflcance of P (4380)+
P.(4450)",Z.(4200)".

- taken togetheris 3.1 0

» Evidence for exotic-hadron
“.contributionsto g

—=— Data
—— RMN*+Z+2P Fi
NE

—

ields/ (25 MeV)

~ 10



Fit results for AO — ] /tl)pn

D Slgnlflcance of P.(4380)%, P (4450)“5,.1,(4200') taken
togetheris 3.1 o (mcludlng systematic uncertamty) '
=> evidence for exotics - 4

> Indmdual exotic hadron contributions are not significant

- » If assume Z, (4200) contribution negllglble, significance of P/
: states increases to. 3 30 -

State Fit fraction (%) B(A0 P+1t‘) /B(AO PK")
Z.(4200)~ 7.7+ 28134 -

P.(4380)* 5.1+ 1.5%%1 0.050 + 0.01619:992 4+ 0.025
P.(4450)*  1.613810¢ 0.033%Y: 8}2 +0.011 + 0.025

i .Expected if the addltlonal mternal W emission dlagram negllglble 0.07~ O 08
[ H.-Y Cheng and C.- K'ua, PRD92 (2015) 096009 ] - .

The results are consistent: with those obtained from

- the AO —>]/1/JpK decay E ‘
. 16 -



L Study In Cablbbo suppresseo

i —>]/IIJ¢ in B ;>]/¢¢K+ |

W

| Exotlc spectroscopy |
| Model mdependent study i |n A} —>]/t[)pK decays |

.
.
.
-
. '
.
»
X .
.

AO > J /IIJpTl' decays |



X(4140) and X(4274) at CDF

'> CDF observed a narrow J /g = s
structure in B* = J/PpK™ decays

[Initial pubIJcatlon on2.7 fb~1 PRL102(2009)242002]
* M=4143. 4+3 O+O 6MeV

|l =15.311 91 + 2.5 MeV

ALY Necessarllyexotlcsmce itis harrow L
and above the D; D threshold - ; m(JiyoK’) [GeVic?]

* [cscs] tetraquark Pis
* Hintofa second structure: X(4274)

= Not confirmed by B- factorles and
LHCb with 0.37 fb~! data

o Conflrmed bygﬂ and CMS both
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Candidates per 10 MeV/c?




Candidates/(1 MeV)

-
>
L
=
v
)
2
<
e
e
=
=
o

1000 1010 1020 1030 1040 1050 1060 1070 1080 1090 1100 |

400

’E sideband §

B - J/W$K* data sample in LHCh

(non-B bkg subtracted)

$(1020)
LHER

signal range M- [MeV]

Lacy 3fb?
Signal:
4,289 + 151
sideband

23 + 6%

5260 5280 5300 5320 5340 5360
Signal range M,y s x MeV]

5240

arXiv:1606.07895 , submitted to PRL

arXiv: 1606.07898, submitted to PRD

Statlstlcally, the most
sample analyzed so far

»

Use S|debands to
subtract background

-powerful Bt = J/ oKt

19



m? 2 [GeV]

9

Signal yield/(30 MeV)

background subtracted

—— and efficiency corrected

=)
Sf

My, [MeV]

Elwv tlen @&l &

Jx

— X(4274)? —

4100 4200 4300 4400 4500 4600 4700 4800

“— X(4140)? —
> J/Yo

Ll
8 B

(Aawo[)‘,ﬂppm muﬁ’lg OG
Is it a reflection of interferin

Kt > ¢Ki ; ea
Proper amplitude analysis needed!
All previous analyses performed
naive 1D mass fits to m; /¢,

* Ad hoc assumptions for K™~
« No sensitivity to JP¢ of X structure

arXiv:1606.07895 , submitted to PRL
arXiv: 1606.07898, submitted to PRD

Tetraquark




Amplltude fItS W|th K* only

arXiv:1606.07895 , submltted to PRL
arXiv: 1606.07898, submitted to PRD :

Guidance from quark
model prediction

>
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Godfrey-Isgur,
PRD 32, 189 (1985)
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» My and I'j of K™s are free
. parameters in the fits :
> Data cannot be described - P 10 %
by K* Only ' i E — background |
s Example flt 12 K* + NR ¢K -41()) 42()() 4?()() 44()(] 4‘3()() 4(()() 47()() 48()()

+ —=— data
++—-— total fit (K s)

Candidates/(10 MeV)
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Amplltude f|t mcludlng 4 exotlc X

Bl arXiv:1606.07895, submltted to PRL
S arXiv: 1606.07898, submitted to PRD
> Four X states + NR]/t/qu give very S|gn|f|cant |mprovements
over- the models with ' K*s alone

> Default model also includes NR PK+ 7 K* (float MO and I"O)
that are significant ;

SoE These results i improve S|gn|f|cantly the knowledge of K
spectroscopy (results in the paper ‘and.backup slldes)

—=— data
—e— total fit P =22 %
—— background
—— I"NR
K (1)
K'(1%)
—=— K(2)+K'(2)
—— K (1)
—— K'(2" 4 I
—— K(0) Wit X(42}4) %1(4500) .
| ==X @140 + il 6.10 "y
A, == 17X (4274) +6.00
e 07 X (4500)
Ol 444 O X (4700)

X(4140)

(0]
(=)

Candidates/(30 MeV) &
Candidates/(10 MeV)
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1600 1800 000 2400 4100 4200 4300 4400 4500 4600 -1-700 4800
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Resu ItS O'f a m p I itu d e fits : . aXi:160.0785 , Submitted to PRL

arXiV' 1606.07898, submitted to PRD

> Full amplitude analy5|s allows us to idenfify ]PC useful for
interpretations of the- states |

> X(4140) and X(4274): identified as JPC = 1++ at>5c
> X(4500) and X(4700) : JPC = 0++ at>4c .

Contri- sign. Flt. results

bution  or Ref. My [MeV | [y [MeV | FF %
AIl X (1) 16+3

-
X(4140) 840 41465445746 [33%21 ﬁ’i\ 13+3.2F4
Average other expt. | 4143.4+1.9 15.74+6.3
X(4274) 6.00 4273.3+8.3F172 115 71425732
CDF 28] 4274.4%574+19 327248  sibstantially
CMS 25]  4313.845.3+£7.3 387 £16 larger at LHCb
All X(07F) 284+ 54+ 7
NRjye 640 4611715
X(4500)  6.10 4506411 12 92421 2 6.6£2.47573
X(4700)  5.60 4704410713 120431 753 12+ 52
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Exotlc spectroscopy

Model mdependent study i |n A} —>]/t[)pK decays :
Study In Cablbbo suppressed AO = | /II)pTl' decays ]

X > J/pd in B+ = J/pdpK*

Search for X(5568)* —» BIm*t|

.
.
-
.
. 2 I
.
.
- -
-



X(5568)Jr by Dﬂ

> DO clalmed a state X(5568)+ — Bt Vﬁh ' e A
B> J/p(- ptu)P(> KK -
« M=5567.8+2.93MeV, T = 21.9 + 6.475% MeV
¢ Fraction of B from X* decay: p?” =(8.6 £1.9 4 1.4)%
> If conflrmed would be uruque ‘with' 4 different flavours

DO Run I, 10 4 f6'

Opes ~ 30 MeV| 3

-y —
= [4,]
=] =]
[=] [=]

N events / 20 MeV/c
[4]
8

54 56 58
m (J/y ) [GeV/c?]

Signal significance changes a J SE 2,. O. :
lot when applying the cone cut: Gl el e

25 -



PRL 117 (2016) 152003

; E T '? | T ‘0‘ ;)‘ T T '_I_' LA B ] />-~ :_ T ‘O\ L L \E‘.‘ % L B '_:

2 60005 Bs Dgm LHCb - — 120005 Bs — ]/lp(]b LHCb i

o 5000= N(Bs) = 62k = o 10000 N(Bs) =44k i[|: =

@ 4000- O, = 15 MeV = g %% o,,=6MeV E

% 3000;_ S/B = 10 —; % 6000} S/B =50 ; {

o = - o - : ]

oS 2000~ 3 5 4000 : .

S E : 8 2000- i

1000 - O ]

O i - @) - : .

5300 5350 5400 5450 5500 5550 5600 5200 5250 5300 5350 5400 5450 5500
m(D> z+) (MeV) m(J/ wé) (MeV)
0 N
[BS sample 20x larger and much cleaner than DO

% :ZZ%: LHCb pT(Bg) > 5GeV Il cimea x(ssee) atate E 250; LHCb PT(BE,) > 10 GeV [l ceimea x(s568) stare E :ZE: LHCb PT(Bg) > 15 GeV B creimed x(s568) state E
E 700 ; \:l Combinatorial j E l:l Combinatorial ] 705_ I:] Combinatorial _E
Te} = 3 - - = E
2 o A ! g b T .
o s T T EL R T
5 d00E- l =4 bt 1 “F 5
% 3002_ _2 100? _; 302— .} { '} ]l {- {' {- {' '} #_;
C 200 — - 4 2o —
3] E 3 S0 = E
O 100; = - 3 10 =
= & 1 9 sl .
& gwm%w 2l o A U TN F T g Y 'EI{"T{ B R N AR N R A TN R
2t R TR SR A LN R . j_"” e R T :5i.’.’.’.‘...f‘..’f’..ii’.*...*ff...‘.*f*f.!...‘..*3..".'...’Hf.*.'ff.f.’.*..’................ =
" TB550 5600 5650 56700 5750 5800 5850 5900 5050 6000 EE50 5600 5650 5700 5750 5800 B850 5000 5950 6000 5550 5600 5650 5700 5750 5800 5850 5900 5850 6000
m(B%r*) (MeV) m(B%z:) (MeV) m(B3r+) (MeV)

No evident X(5568) in Bon* sample for 3 different pr(BY) cuts




Upper limits at LHCb

> At 90% (95%) CL

LHCb _ a(pp—>X+anything; X—>Bgni)

Px

a(pp—>B(S)+anything)
In LHCb acceptance
px Ppr(BY) > 5GeV) <
px P (pr(By) > 10 GeV)
PP (pp(BY) > 15GeV)

0.011 (0.012)
< 0.021 (0.024)
< 0.018 (0.020)

> No significant BT states for
any mass and width below 6 GeV

» Upper limit is set as a function of
m(X) and I'(X)
» Search in CMS did not observe

any structure either
[CMS-PAS-BPH-16-002]

S PRL 117 (2016) 152003

I|HH‘I\I\|IIII|IL

LI e B L e e e e e
—I—QU%CLUL;]'=10MEV =10 90% CL UL ; T'=40 MeV

smmens 90% CLUL ;T =20 MeV =:#:=: 90% CLUL ; I' =50 MeV
90% CL UL ; T =30 MeV

LHCb pT(Bg) >5 GeV

o P I S e A
5550 5600 5650 5700 5750 5800 5850 5900 5950 6000

L B e e o LA e e s e
e 90% CLUL ; T=10MeV =:0=s 90% CL UL ; I' =40 MeV

semans 90% CLUL ; T=20 MeV =:#:=: 90% CL UL ; I'=50 MeV
90% CL UL ; T =30 MeV

LHCb pT(Bg) > 10 GeV

5550 5600 5650 5700 5750 5800 5850 5900 5950 6000

B T L N
—I—QO'YCLUL r= 10MeV 1o 80% CLUL ; T'= 40MeV

=ae== 90% CLUL ; T=20 MeV =:su=1 90% CL UL ; I"=50 MeV
BD%CLUL; I' =30 MeV

LHCb pT(B‘;) > 15 GeV

5550 5600 5650 5700 5750 5800 5850 5900 5950 6000
m(X) (MeV)




Standard hadron spectroscopy at LHCb

> ‘LHCb also contrlbuted a lot to standard hadron

~ spectroscopy, owing to Iarge cross-sections at the LHC
and excellent detector performance. Very recent results
.include, | ‘

> Propertles of the ...bo b‘aryon

. » Confirmation of Z;° .
« Precise HES and first natural W|dth measurements..

> Study of D( s mesons (prompt productlon)
'« First observatlon of D¥,(2573)*

~ « Properties of D;;(2536)*, D};(2700)* :

> Amplitude andlysis of B~ —» DT~ decays

_*. First ol:.)serva'tic)n of D5(2760)" (100) and D§(3OOO)O (6.60) |

... |
- 28 .



Summary and outlook

.

s Usmg the Run- I data LHCb ha?‘made great
' contrlbutlons to exotic and conventlonal
spectroscopy | '

> >Dur|ng the Run-II Othe mtegrated Ium|n05|ty

- will be doubled, and the statistics will be
greatly increased con5|der|ng the larger -
productlon cross-section at higher energy and -‘
" the improved efficiencies

>Stay tunchor more results from LHCb -
v Thanks' ot






Amplltude analysns of AO — ]/1/)pK‘

9 AIIows for A" - pK~ resonances to mte.;.tere witH pentaquark
states P+ — ]/tpp .

A, rest frame

A o Jpn

&> pK _ W\ rest frau;ne'

A9 > PrK-
e J/Yp

-9

| > Independent variables:

. = il | ) id ;
"~ Prest frame \V

[LAB frame

1 mass (m,g-) and 5
angles = 6D fit




Fit results o_f PK* (nOn)'re:_son'a nt stétes

Contri-
bution

Sign.
or Ref.

My [MéV |

Fit results

Ty [MeV |

FF %

All K(17)
NR&'}K
K(17)2'P,
K1(1650)
K'(1%) 2°P,

8.00

7.60
31
1.90

1793459 712
1650450
1968465, 1

365+157 F13%
150+ 50
396170 71702

42+ 8% 3
16+13 1%
124101

23420 157

Al K(20)
K(27)1'D,
B 1770)
13[)2

-

5.6
5.00
31]
3.00
31

1816£13

217+116 1221
188+ 14
167+ 587° 22
276+ 35

11+ 371 ¢

Do

31|

17224207+,32
1717427

354+ 7511
3224110

19&0)

540
31

2073+£94 75,
1973426

67843111109
373+ 69

2.94+0.8 71

K(0~ )3 S

K (1830)

3.50

31|

1874443 F %
~ 1830

168+ 90 250
~ 250

2.6+1.1 753




