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Outline

= EXotic states
o Evidence of an .7~ resonance in B® - n Kt~
o Model independent confirmation for Z2 in B® - J /WK~
o Other searches for exotic states

s Heavy flavour spectroscopy

r~y kK —

a0 Observation of a new =, state
o Observation of two new X states

L. Zhang 2



Introduction

s QCD, describing strong interaction between quarks and gluons, at low
energy scale is not well understood due to its non-perturbative nature

= Hadron spectroscopy provides opportunities to study QCD predictions
o For various models e.g. lattice QCD, diquark model, potential model ...

= EXxotic states provide unique environment to understand strong force in QCD

o Predicted in quark model
o Recent results show strong evidence for their existence

mesonic
molecule ? tetraquark ? pentaquark ? hybrid ?

L. Zhang



LHCb detector and performance

The LHCb detector described in JINST 3 (2008) SO8005

VELO: RICH: ‘MUOH System ‘ ® 2 < n < 5range: ~ 25% of bb
primary vertex PID: primarily K, separation rs inside LHCh "
impact parameter // s \\ pairs inside acceptance
displaced vertex SPDPS 1y M2 ek

ECAL \ \

Beam 1 Vertex 3|

Locator

q v‘”,
Interaction
re g i on -k P

LHCb MC
{s =14 TeV

1

e Calorimeters: 6, [rad] 2
Tracking Station: p for Tracking Stations: PID: h,e,y, n°
lower energy tracksand long || p of charged particles Tx 6; [rad]
lived V° reconstruction that traverse the magnet
Int. J. Mod. Phys. A 30 (2015) 1530022
mmpact parameter: orp =20 pm \

Proper time: o, =45 fs for B —» J/PY¢por Dim~

Momentum: Ap/p = 0.4~ 0.6% (5 - 100 GeV/c)

Mass : 0, = 8 MeV/c? for B — J /X (constrainted my )

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

Muon ID: e(lu—->pn) ~97% mis-IDe(r - u) ~1—-3%

\_ECAL: AEJE =1 @ 10%/./E(GeV) J
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LHCb detector and performance

Vertoing

Bg oscillations with BS — D K/ ID efficiency and misID rate ;"= mass spectrum

- 14— ~ f'”z ...... — -
E i e Tagged mixed g N LHCb O O ALLK-m)>0 ; 400 A T(1S) LHCb
g - o Tagged unmixed © 12 Vs =7 TeV Data o m ALLK-7)>5 EJ E ﬂ :
< 400 g Fit mixed i 1%_“ g 300p- -
g | e Fit unmix F T h‘muo O 3 - ]
S i Fit ed 0.8 3 200:
k= i ER
5 200? © 100k
: |
o : - - y e ooooo . [
decay time [ps] “ * I\:gmentu;? (MeV/(:;)0 000 00 10000 ]0?,?&, [Mewlc]l?oo
[New J. Phys. 15 (2013) 053021] [EPJ C73 (2013) 2431] [PRL 111 (2013) 101805]
Int. J. Mod. Phys. A 30 (2015) 1530022
mmpact parameter: orp =20 pm \
Proper time: o, = 45 fs for BSO - J/Yeor DS+TC_
Momentum: Ap/p = 0.4~ 0.6% (5 -100 GeV/c)
Mass : 0, = 8 MeV/c? for B — J /X (constrainted my )
RICH K — 1 separation: €e(K - K) ~95% mis-IDe(r » K) ~ 5%
Muon ID: e(lu—->pn) ~97% mis-IDe(r - u) ~1—-3%

\_ECAL: AEJE =1 10%/,/E(GeV) -/
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LHCDb collected luminosity

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018

- | 2018 (6.5 TeV): 2.14 /fb

g 9 - | 2017 (6.5+2.51 TeV): 1.71 ifb + 0.10 /fb

- = 2016 (6.5 TeV): 1.67 /fb

> gl 2015 (6.5 TeV): 0.33 /fb

D - 2012 (4.0 TeV): 2.08 /fb

8 7 E y 2011 (3.5 TeV): 1.1 /fb

é m 2010 (3 5 TeV): 0.04 /fb
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o(pp - bbX) ~ 300 ub @7 TeV vs ~ 500 pub @13 TeV
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Two methods for spectroscopy

= Direct production in pp collisions = Production by a heavier particle
o Combine a heavy flavour hadron decay
with one or more light particles o Usually with amplitude analysis
o Pros: High statistics, in principle can o Pros: Low background, better
study all states determination of JP
o Cons: Large combinatorial o Cons: Low cross-section, limited
background, hard to determine J” states and limited J
E, T
1 e it a
PV PV

L. Zhang




Amplitude analyses of exotic states

= Many puzzling exotic meson and baryon candidates were
detected in B-hadron decays

o Charged exotic mesons — J /iy, ¥ (2S), n. or y,, + ¥
o The hidden-charmed mesons — J /¢
o Charged exotic baryons — J/yp

s [he determination of their properties, or even the claim for their
existence, rely on advanced amplitude analyses

m Large contributions to these B-hadron decays are from production
of K*, A* or N*, that are not well measured

s Improved knowledge of these conventional states are important
for exotic study

L. Zhang



LHCDb results on tetra and pentaquarks

Confirmation of Z(4430)

PRL 112 (2014) 222002

Observation of two
charmonium pentaquarks

PRL 115 (2015) 072001

Observation of four J /Y ¢
structures

PRL 118 (2017) 022003

Evidence of exotic
contribution in Cabibbo-
suppressed decays

PRL 117 (2016) 082003

L. Zhang
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Evidence of an 1.t~ resonance in B? - n . K*tm~

s Charmonium-like charged states Z_
o Obviously exotic, since minimal four quark structure

m 7.~ acesses /© other than 1%, that several Z; confirmed to be
o “natural”’ JF =0%, 17 and 2 [J =L, P = (-1)%]

@
© @
4

State M (MeV) I' (MeV) JFPC  Process (decay mode) Experiment
Z2(3900)  3886.6+2.4 28.1+26 17— ete — a0+ (J/ipaT0) BESIII [101), Belle
ete™ — 70 4 (DD*)+0 BESIII
Z5%(4020)  4024.1+1.9 1345 177 (?) eTe— = 70 + (hent0) BESIII
ete = 770 4 (D*D*)*+:0 BESIII
Z(4050) 4051723 g2t2l 7"t B> K+ (xarh) Belle (107), BaBar (108)
71 (4200) 41967135 3700 %% 1™ B— K+ (J/¢prt) Belle
B — K + ('z) LHCb
Z(4250) 42481182 177132 7"t B K4 (xeaanh) Belle (107), BaBar (108)
Z+(4430) 4477420 181431 1T B K4+ (@' 7t) Belle (45;[109}[110), LHCb
B— K+ (JynT) Belle

L. Zhang Rev. Mod. Phys. 90, 15003 (2018) 10



BO - nc(ls)K'l'n_: Signal arXiv:1809.07416

s L =471, including Run1+Run2(2011-2016) data

m 2D fit to m(ppK*7~) and m(pp) distribution
o Fit to obtain yields of signal, NR pp and combinatorial backgrounds

0 Ny = 1870 + 74
o Use sPlot to get two background PDFs in Dalitz-plot
> 100f _— > 80f :
= " — Total PDF @ > 70F
< 801MB°’ - n(1S)K*r~ ) -
) - —B° - pPK*7r- (NR) % 0 Z O0F
; 60 [ --- Combinatorial B" mass N § 50 ;
Q - background < =
= B S 40F
o B he) -
< 40r S 30F
= - @) E
@) 20 B 20 a
" 10 f
0 525 53 0 295 3 3.05
m(ppK* ) [GeV] m(pp) [GeV]

L. Zhang
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Dalitz-plot analysis

= Fit includes signal + two background components

= Seven K*° resonances have significant contributions
o Mass and width of each K*° resonance are fixed, except for LASS

s Good description in all variables after adding an exotic Z, component

Resonance  Mass [MeV]  Width [MeV] JY Model
K*(892)° 89555+ 020  47.3+05 1~ RBW

K*(1410)° 1414+ 15 232+21 1- RBW
K (1430)° 1425 = 50 270 £ 80 0% LASS
K2(1430)° 1432.4 4+ 1.3 109+5 2t RBW
K*(1680)° 1717 £ 27 3224110 1~ RBW
Kz(1950)° 1945 = 22 200+£90 0f RBW

L. Zhang 12



K*©

o
=

<
=h
(o

arXiv:1809.07416

S osooF T T T T T T T T
E - @ LHCb
o 400 —
ND
% 300 i -
ic—sb n -
=) N i
= 200 ]
S 200F .
s L ]
O .
100 |- -
m(K*77) [GeV]
— Data —— Total PDF  — K (1680)°
lCombinatorial bkg HIH K (892)° K (1410)°
B" - ppK*n~ (NR) bke K*7 S-wave K (1430)°

L. Zhang

Candidates / (40 MeV)

Candidates / (40 MeV)

160
140
120

100 F

140
120

100 |
80 I
60 |-

40

3 35

4.5 5
m(n (15)7°) [GeV]

20 F

LHCb 1

LRy

4.5 5
m(n (19)K") [GeV]

13



arXiv:1809.07416
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EVidence for an ex0tic ZC (4100)_ arXiv:1809.07416

s Adding a Z_ improve the fit —21n £ by 22.8, 41.4 and 7.0 for “natural”
JP=0%1"and 2%

= Statistical significance is 4.8¢ for nominal J© = 1~
o ndof =2 x N, = 8 to take into account look-elsewhere effect

= Significance is reduced to 3.4¢ after 2" A(2Inf) Significance

- - . Nominal fit 41.4 4.80
considering systematics

Fixed yields 45.8 520
Phase-space border veto 44.6 5.1c
n. width 36.6 4.30
m My = 4096 + ZOt%E MeV K*7~ S-wave 31.8 3.90
and ' = 152 + 58tg(5) MeV Background 27.4 3.40

L. Zhang 15



]P Of ZC (4‘ 1 O O) B an d B arXiv:1809.07416

ms The default fit has 4.30 for /” = 1~ over 07
s Systematic uncertainty reduces to 1.2¢

o Alternative Kt~ S-wave model Source A(=2InL) Significance
(NR + K + K5(14-30)0) Default 18.6 4.30
P _ 11— + Fixed yields 23.8 4.90
u SO ] =1 and 0" are bOth Phase-space border veto 24.4 4.90
consistent with the data e width 42 200
Background 3.4 1.80
K*n~ S-wave 1.4 1.20

= Fit fraction of Z.(4100)~ is (3.3 + 1.11}2)%
B(B° - Z.(4100)"K*,Z.(4100)” - n.(1S)n~) = (1.89 &+ 0.6479:73)x107°

B(B® - n,(1S)K*n~) = (5.73 £ 0.24 + 0.13 + 0.66)x10~*

L. Zhang 16



ZC_' in BO —)]/II)K-I_T[_ from Be"e PRD 90, 112009 (2014)

s With ~30k signal, Belle observed a new Z.(4200) and evidence for
7Z.(4430)” in BY -» J/YK*n~ decays

= Exotic fit fractions are small, (1.9732)% Z.(4200)~ & (0.5*5:1)% Z.(4430)"

22f
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. e -
T
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L, . A, & . ~
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18 L g et
i o - .
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o
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Events / 0.254 GeV?%/c*

1.2 GeV?/c* < M?(K.m) < 2.05 GeVV— 7.(4430)" presented via
180 Z.(4200)" / H destructive interference

20 K~ veto region

0 PETTE PET RN ETET RN BT e Ts o By = e

12 14 16 18 20 22
M?(J/y,), GeV?/c?
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Model-independent confirmation from LHCDb

= Run-1 data, x20 Belle signal yield mx- € [745,1545] MeV: yield is 554530 & 770.

> | ' L K(1980) | _
5 Kiawso) e Several broad overlapping states
2000 -
K7 (2045 | 1 \
L K (1430) e i1 o Higher spins at higher masses
— 3 .
: U]
ki) B0 et o f, ~1—2%. Must veto the
1000 |- (1410) . _ _ :
KTy e dominant K*(892) and
g K>(14 regions.
K (800) Lo* 2( 30) €glons
| | "I | | |
0 1 > 3 4

spin J of K7 resonances

o If data has only K7 states, assign: _ { 2, Mk, € [1085,1265] MeV

Jmax -
3, my, € [1265,1445] MeV

o Exotics in [Japm™] or [Jah KT]: Jmax — 00. Take JX

max

— 15 as proxy.

LHCb-PAPER-2018-043, presented at Implication Workshop https://indico.cern.ch/event/743635/timetable/

L. Zhang 18



Model-independent confirmation from LHCDb

s Used novel “3D" angular moments to boost sensitivity
s K™ only contributions ruled out by 10c

In each my, bin: K*-only model pdf doesn’t describe data.

6000

4000

candidates/(45 MeV)
8
S
<

n N T | -

' ' ' -] £ - m(Ktr) € [1085,1445] MeV LHCb -

m(K*t7~) € [1085,1265] MeV S 1000 — Significance = 100 F Unofficial —

.E — T

@ N K*-only toys [ -

. | % 800F O\ p

LHCb Unofficial 7 Q § A\ ]

T . AN data .

T @ 600 [~ data Q% \ -

] - _

| = 400l .\ pseudoexperiments g\ 4 _

= B . i

g g — — Gaussian fit \>§_> g

_ g 200 \ ]

2| AN |

3500 4000 4500 0, 1000 2000 3000
m(J/ym™) [MeV] A(—2loé L)

LHCb-PAPER-2018-043, presented at Implication Workshop https://indico.cern.ch/event/743635/timetable/

L. Zhang
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Exotic interpretation

A new structure at 4600 MeV?
Amplitude analysis planed to check

o Indications of the Z(4200)~
seen by Belle

m(J/yr™) [MeV]

3200 800 1000 1200 1400
LHCb Unofficial m(KTn~) [MeV]

LHCb-PAPER-2018-043, presented at Implication Workshop https://indico.cern.ch/event/743635/timetable/
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Search for dibaryon state

PLB 784 (2018) 101

s Adibaryon state [cd]|ud][ud]
could be produced in A} decays
to final state AFn~pp

L. Maiani, et al. PLB 750 (2015) 37

= LHCD has discovered the decay A3{u
Ay~ Afmpp

=

)
+
l
~
+
S
=

c C

3
Lo A8

YVYY
YYVY

Resonance contributions

— S e e 3 — L L L
o 200 — N .
= r LHCDb ¢ Data - 2 LHCDb -
> B > 40 |- ¥ 0 A
2 B — Total é) B C ]
= 150 C ¢ Data
- m - -
3 - 30 — Total -
~ B ~ - .
& 100 2 -t [ y*x Background ]
E; : E; 20+ —_— 22—)/1:71’ - —
:-O B :-9 : *() + :
kS| - k=) - ¢4 9w 2 AT T
§ S0r 5 10F -
@) £ O - ]
0 T TR .'I L teele 0 [_aid Tt TG i ﬁuﬁ%@gég
5550 5600 5650 5700 2500 2600 2700
m(A:ppr ) [MeV/c?] m(A; 7 -) [MeV/c?]
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Search for dibaryon state

. . ; PLB 784 (2018) 101
= Ratio of branching fractions

B(Ay — Alppm~)
B(A) — Afn—)
= No obvious dibaryon peak in m(A}n~p) spectra

= (0.0540 £ 0.0023 = 0.0032

All signals 2?9 region signals 2*0 region signals

G 6T T T T N O
S [ LHCb —™ 1 = [ LHCb ] = [LHCb ]
é) : (a) —«— Simulation | | } : é) - (b) 1 é) 10—(0) _
40 i iHI‘— 0 4 1 | I ]
] LH*}”H? g | I8 13 | } }‘ |:
: R (M —
SO LRI
A LTI LR
st 4 bt IR or *ﬂl“r t f]
3500 4000 4500 3500 4000 4500 3500 4000 4500
m(Al 7z p) [MeV/c?] m(Alz p) [MeV/c?] m(Alz p) [MeV/c?]
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Weakly decaying b-flavoured pentaquarks

PRD 97 (2018) 032010

» Skyrme model: heavy quarks give

. cly,
tightly bound pentaquark b*-@::c} ”’
+ d <::::a~ K
PLB 590(2004) 185; PLB 586(2004)337; PLB 331(1994)362 PBOP u%ﬁ T
u —*\u
= Search for mass peaks below strong d—s>—0 74P
decay threshold
Mode Quark content Decay mode Search window
I bduud Pgop — JWKTr~p  4668-6220 MeV
I1 buudd Pro _— JWK n"p 4668-5760 MeV
— b
111 bduud Pl = JWpK~mtp  4668-5760 MeV
— b
IV bsuud Ppo, — J/¢p 5055-6305 MeV

= Upper limit on production ratio o - B wrt A} - J /YK ™ p

o(pp — PpX)-B(Pg — Jhv X)

R—
o(pp — A)X) - B(A) — Jhv K—p)

L. Zhang
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Weakly decaying b-flavoured pentaquarks

PRD 97 (2018) 032010

A,

Py

UL(o x B)_ /(o x B)

Ay

Py

UL(c x B) /(o xB)
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= No evidence for signal, 90% CL limitson R < 1072 — 1073

oL 7+8 TeV

®) |
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Search for X, - Y(1S)u " u~

JHEP 10 (2018) 086
~ :
e Binding of double-heavy bb pairs %1200;— T(lS)g LHCD '
quite different to cc+light meson élzzz: \ \$=7.8 15TV :
cloud é 600;_ \ T(25) _
g ‘ -

o Ground state bound bbbb 5

tetraquark ~ 18 — 19 GeV in many 9000 10000 11000
. m(utu) [MeV/c?
phenomenological models. Wil ]

i Obs. 95% CL limit
- LHCb

e Typically below npnp threshold. Can ST e s
Exp. (68.3%)
decay to 1(1S)u™ ™ 10° . 056 .

Mo s 1Y

e No hint of a structure in LHCb
search with 2011-2016 data. Upper

limits placed.

10 E g
R S SR - | R S
17500 18000 18500 19000 19500 20000

K, [MeV/c?]
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Ongoing LHCDb analyses for exotics

= Full amplitude analysis of _ 2126signal events
B - yK*m~ :::
(~10,000 signals in Run1) T o f
S 30F
s Pentaquarks © 25F
0 A = ] [PpK - s 20F
o AY - J/Ypm” 5 BE
0 _ W 10 4k
0 Ap = Xe1PK sE *HAE:
0 +_(*)O _ E Ll l.l.‘."l:-.i"f:l:;.l." -'1--4..:|:.'."‘1"1'-4a. chadl
a Ap = AcD K %5 3{8 zlt 4?2 4?4 4?6 4.8
o0 5y o J/YA K™ M ("), GeVic?

Belle, PRD 78, 072004 (2008)
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Observation of a new £,7(6227)~ state

PRL 121 (2018) 072002

s Reconstruct 55 - A)K~ and Z)n™ T
a Hadronic (HD) and Semileptonic (SL) decays for A9 = MK (HD) orat
o SLdecays for 5p - 5Fu=Xv, :
= With hadronic mode :
M(Z;"") — M(A) = 607.3 & 2.0 (stat) & 0.3 (syst) MeV/c?, - S
I' =18.1 4 5.4 (stat) & 1.8 (syst) MeV/c?, oADK (SL) g
M(Z:*7) = 6226.9 £ 2.0 (stat) + 0.3 (syst) % 0.2(A2) MeV/c?, P
Mass peak position is consistent between the three decay channels 8 s
= Production ratios are measured with SL modes I O N
& o il fit
Quantity 7+8 TeV 13 TeV $ 0 Byt (SL) S
(055-/040)B(E;"™ > ApK™) | (3.0£0.4 £ 0.4)X10? (3.4 + 0.4 + 0.4) X103 g 20
(0gp-/050)B(E,"™ > Epm™) (47 + 9 + 7)X 10?3 (22 + 6 + 3)X 103 5 1w
L. Zhang o a0 600 800 27

M(E) - M(E)) [MeV/c?]



X, spectroscopy: Observation of £,(6097)*

Arxiv:1809.07752

s A} - Atm~ combined with 7* from PV

s pr(mt) > 1 GeV to suppress backgrd i;“;‘;::: A
« x g i 2 200E X,(6097) — A
= Relativistic BW convoluted with £ i Y
resolutions of 1.0, 1.1, 2.4 MeV for ok
Ty, 25, Zp(6097)
Quantity Value [MeV] E j;g: 5 A .LHA'CO‘;[- :
m(Z,(6097))  6098.0% 1.7 £ 0.5 S g% A" :
m(2,(6097)7)  6095.8+ 1.7 + 0.4 S ok pekoua b X
I'(X,(6097)7) 2894+ 4.2 + 0.9 £ 00F
['(X(6097)7) 31.0+ 5.5 + 0.7 100
50 E E
27 and X} parameters are measured, T 00 600

5x more precise than the previous CDF values
L. Zhang 28



Theoretical explanations

m =;7(6227) is good candidate for 1P 5/2- or 3/2- state
= ¥, (6097)7% is good candidates for 1P 5/2- or 3/2- state
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1S == =T
=/ (5935)" =
E,(5795)"
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Bing Chen et. al. PRD 98, (2018) 031502(R)
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Summary

» LHCb has made important contributions to the knowledge of hadron spectroscopy
— Evidence for Z,.(4100)" » n.mw~,J¥ =1 or 0%
— Model-independent confirmation of Z in BY - J/YK*tn~
— Observations of £,(6227)~ and £,(6097)=
m Stay tuned with new results from RUNI+RUNII
= LHCDb data-taken plan:
— Upgrade most all detectors (2019-2020)
— Plan to take 50 fb-1 data (2021-2030)

———
—Hf — B —HA JU HA FHHERL
(2010-12) (2015-18) | (2021-24) (2027-30) (2031+)

3 fb! 9 fb! 23 fb! 50 fb! >300 fb-1
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Measurement of the lifetime of 2

m Test theoretical approaches, e.g. Heavy Quark Expansion (HQET)
o Higher order effects are important: expansion in powers of 1/m,
a c-hadrons: sizable high-order corrections

o c-baryon decays: W-exchange and Pauli interference [Nucl. Phys. B248
(1984) 261] larger than in c-meson decays

C i S C A”’/”’
S E w u S vbggllCi)
S S S S

m c-baryon lifetimes are not well measured, in particular uncertainty
for Q2 is 17%

L. Zhang 32



Signal and control channels

PRL 121 (2018) 092003

= Use b - ¢ semileptonic decays to avoid 2300, LHCD [ e
. . . . <) i 0 e
bias from trigger and offline selections = TR
. o 7+8 TeV '
o Muon trigger gzoo_—
a Tracks well separated from PV s H gt i
| ) _ B LRGN P
= Signal: 25, - 22(-» pK K~ n")p v, X §100-
: + —t Y =
= Control: B-» D" (-» K "™ )u v,X

| | L 1 | L 1 | | | | | |
2660 2680 2700 2720
pK K z* mass [MeV/c?]

Yields:
Q%u~:978 + 60

(~10 times larger than any previous sample used for 7)
Dtu: (809 +1)x103

(used only 10% of LHCb Run-I data)
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Lifetime fits

PRL 121 (2018) 092003

s Fit background-subtracted distribution

obtained with sPlot technique & [LHCb
= Signal PDF: =
tl‘ec trec 5
$(tred) =[f (tredlexp (- 2+ ") Bltred)] 3
Tf' T: >
it sim =
l S
il 2
_ %
Binned Template Correction for small _
from simulation efficiency different T
¥ Corresponding between data and MC 0 1 2 3 4
to efficiency v Obtained from D* D" decay time [ps]
and used for 2¢

: : 4 If without B(t...) correction,
m Check fit procedure with D™ events about 1.26 below the PDG value

Consistent with PDG value: 1040 + 7 fs
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Q0 lifetime result

PRL 121 (2018) 092003

s Simultaneous fit signal and control samples

T_Q(C)

=0.258+0.023 +0.010
Tp+

62:268i24i10i2(rl,®

4x larger than PDG value
Precision 9.7%

s Systematic uncertainties on lifetime ratio
o Dominated by MC size (0.0098)
o Background subtraction (0.0019)
o Decay time acceptance (0.0013)
o Physics background (0.0008)

s Many cross-checks
o 13 TeV 2016 data
o An additional D° — K3 lifetime measurement

L. Zhang

n — S
2 o LHCD Q> vX
= +Data
3 % Fit
O, [ i - 1=69 fs
=100 ;
. + (PDG)
g |
2 F :
N 5 :

50

0

° decay time [ps]

69 +12f1s
P

~ PDG Average Q—)‘Cb, Q> vX
Q% pK K n*

FOCUS [2003] -o-
WAB89 [1995] —e—

E687 [1995] ——

0o 200 400
7 lifetime [fs]



Observation of Ay - x.1.2)PK"~

= Search for P.(4450)*in A9 —>[Xc(1,z)P]K ~decays
= Test hypothesis of kinematic rescattering effect

PRD 92 (2015) 071502

m First step: observe the decays, measure B
s Use y.1,2) = J/Yy, constrain J /iy mass to known y.; mass

/BY > xapK) _
B(A} ~ J/PpK-)

B(Ap = Xe2PK™) _
B(A, ~ J/YpK)

0.242 +0.014 £ 0.013 £ 0.009

Q248 +0.020 + 0.014 + 0.009

“\\\

B(Xc])

Events / (5 MeV/c?)

PRL 119 (2017) 062001

180

160 LHCb Xc2 # Xc1

140 78 TeV 285 + 23

120 COA-x, K
100 G Ab_)lcsz
— = Comb.

80
60
40
20

453 + 2

O PR
5450 5500

Next step: full amplitude analysis with more data

L. Zhang

5550 5600

5650 5700
m(}(c1 pK ) [MeV/c?]
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Observation Of EI;_) ]/¢AK— PLB 772 (2017) 265-273

m Strange pentaquark (udscc) predicted in | Dua LHCb
[PRL 105 (2010) 232001] 40 T ]
. —— i ~- N2k {ldecays
= Can be searched for in the =, decay [ Comb. bk s
[PRC 93 (2016) 065203] - -
b > > c - o
W c 1Y P T e A N ,H +. .
S O A -]
£ (A9)1 a K > bbb
u i
d —> > d}A(p) E S =
y > > ] = LHCb
(u) (u) Z 80k 3
S 7H8TeV Adecays
Nsig =308 + 21 (210) S - after vertex
8 40: detector

fz- B(E, — JIWAK™)
fao BAY) - JlyA)

= (4.19+0.29 £ 0.15)x102

Expect ~1500 signals after 2018 for amplitude analysis

L. Zhang

5700 5800 5900
m(J/w AK") [MeV/c?]
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Physics program at LHCb

= Not only precision measurements in b, ¢ sectors
o CKM and CP-violation parameters
o Rare decays
o Testing lepton universality

a ...

s But also a general purpose detector
o Electroweak measurments: sin 6,, W/Z, top quark
0 [Spectroscopy, exotic hadrons ]
a Soft QCD
o Heavy ions

a ...

L. Zhang 38



Doubly charmed baryons: motivation

= Doubly charmed baryons are not observed or
established

= Doubly heavy baryons’ mass and decay width to test
QCD motivated models

= Baryons with two heavy quarks probe the QCD
potential in a different way than baryons with a single
heavy quark [hep-ph/9811212]

o HQET: two charm quarks considered as a heavy diquark,
doubly heavy baryon similar to a heavy meson Qq

o Such diquark can naturally extend to Qqq = ccqq exotic
system

L. Zhang 39



SELEX results on £,

= Observation of 51.(ccd) reported by SELEX
o Mass: 3518.7 + 1.7 MeV

a Short lifetime: T(&£},.) < 33 fs @90% CL, but not zero

o(Z{)XBF(E{~At K nct)
a(A})

o Large production: R =

~ 20%

= Not confirmed by Babar [PRD 74 (2006) 011103], Belle [PRL 97(2006) 162001]

nor LHCD [JHEP 12 (2013) 090]

El. > AYK~m* PRL 89 (2002) 112001

K

— 8 k . _ % 4
X, _NSIg = 15.9 6.3 S a5
[] § [
| SELEX o
3T ]’
“ 2 '| N JI -| [ " J i
1 e 1 a L 7 {L JH !
0 L| | " ! 7| I 11 0-5H
3.42 3.47 3.52 3.57 3.62 L

- peak mass:

4.8c

I

pD'K
[] 4-bin Poisson Prob
-~ 3516 MeV || :

| sELEX

Y > pDtm~ PLB 628 (2005) 18

<6.4x107*
L/o>1.0

Nisig = 5.6

L. Zhang

: L | L
??.46 3.48 3.5 3.52 3.54 3.56 3.58
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Observation of £/ at LHCb

PRL 119 (2017) 112001

s Expected to have longer lifetime than =7, higher

w/o Tt
sensitivity at LHCb ﬁ
s Decay: 54f - ATK~n*n*, B could be as large as 'y u% K-
10% [Yu et al., arXiv:1703.09086, Chinese Phys. C =t e N At
42 (2018) 051001] , d<§ )
u . T

m LHCbrunll at+/s =13 TeV, ~1.7 fb-?
o 313+ 33 events, 120 2 10F [HCp 13TV | 0 -
o 8 TeV data analyzed for cross-check, 7o

- —+Data
- —Total

m(Z}) =3621.40 £ 0.72 + 0.27 + 0.14(A}) MeV/c?

f ---Background

Etr S K ntantAr (- pK )

g S R —— N ST T W R R S T
3500 3600 3700
mcand(E'Z;) [MeV/c?]
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Observation of new decay mode =/ - Efnr™

arXiv:1807.01919, submitted to PRL

= Yu et al. also suggest to use Signal mode Control mode

EX(-» pK*n )nt at LHCb

git o ptEf (- pK ) il > K ntnt At (> pK n™)

= LHCbrunll, ~1.7 fb’ o

m Control mode:
EXt S ATK ntnt

= Similar selections and triggers _

) 1006 T e ] SO 710 Y S S A L L L I
for signal and control modes = } LHED + Dat S S :
. O B — Total [} — —~+ Data ]
o Good PID, high pr, = Wk 7 oof —oul
displacement % 60 :
o Multivariate selection =: 2 ok
S F S |
7T+ i 40
U 20 i
- 20F
d N TN A T 0:.1....11111..-#:...“",..J,,,,J.L
¢ > > 5 3500 3550 360 3650 3700 3500 3550 3600 3650 3700
. @ . : ) @ . m(E 1) [MeV/c?] m(AF K7 ) [MeV/
—cc =c
. : | Ngig = 91 + 20 Neont = 298 + 35
L. Zhang
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Observation of new decay mode =/ - Efnr™

_ arXiv:1807.01919, submitted to PRL
m Consistent mass measurements

3621.40 + 0.72 + 0.27 + 0.14(A}) MeV/c? Eft 5 ATK mtmt

Tt mtgt
N O 1

e}

3620.56 + 1.5+ 0.4 + 0.3(£}) MeV/c?

3621.24 + 0.65 + 0.31 MeV/c? LHCb Combined

3618 3620 3622 3624
M(ELT) [Mev/c?]

Confirm previous LHCb observation of £

= Ratio of branching fractions

o+t ottt ot — ot
B(E¢e » Ecm E; > pKTn™)

R =
BEF > AJK—ntnt; AT » pK—nt)

=(3.5+0.9+0.3)x1072

Consistent with prediction [Yu et al., arXiv:1703.09086, Chinese Phys. C 42 (2018) 051001]
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=+t I3 -
Z.. lifetime

arXiv:1806.02744, accepted by PRL

n A lifetime measurement is critical §160 e LHCb.
g . 140 .
o Test whether it is weakly decaying J = %2 ground state 3 " E+™ zi+ 1) ~300 signal
Vo) F otal 11
o Necessary ingredient for theoretical prediction of B = 100~ Signal 4 }
. ) . . Q F - Background "
o Important information for experimental exploration of £ | i
= of a
other doubly-heavy baryons 5 b ! i
o Test various predictions of QCD models 20F
S0 0 30
m(ATK trrn) [MeV/c?]
= Analysis strategy ORI R
. . _ S 700;—
o Same data sample, event selection as previous £}.* 2 6005_+Tnatalf 29 ~3400 signal
H C — lotal {1t
observation 2 S00E - sioma
m  Specific trigger requirement to simplify trigger efficiency é 400 F- -+ Background o
determination = 300 i u
. _ = 2 P 3
o Relative measurement to A) - Afntn~n~ decays G 200E E
100 F 3
S T e 0

m(Air ) [MeV/c?]
L. Zhang 44



First measurement of =/ lifetime

arXiv:1806.02744, accepted by PRL

s Weighted unbinned maximum likelihood fit

t t
€zt 0 (ngg T,,g>_—> Tho = 1.470 + 0.010 ps (PDG)

fazr () = f po(8) X

Free parameter
) T T "~ |~ 1 "~ "
= 020F - > [T T
§ - \+ LHSE ] % 065 LHCb simulation E
> B e ] @n C gt .
= 0.151 + + Y . > 0sf 4 o Efficiency E
=R ] =S P T T
= - 5 04F E
< 0.10F %% ] R by t ]
] o UOF VT ]
0.05F * $v v : 2 oF :H'* E
A VVyv Ly % : EY- *5
0.00 [Feeemreressemsssenesenesenenees #__#*#ﬁ ------- f § 0.1F ++ g
L . C ]
0.5 I E 2 <t0}...0..5....1....1{5....2
Decay time [ps] Decay time [ps]

L. Zhang
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First measurement of =/ lifetime

arXiv:1806.02744, accepted by PRL

s Weighted unbinned maximum likelihood fit

€t —<Tf++ — t0> T+t = 256t%‘2} + 14 fs
f:zl.'c+ (t) = on (t) X X e \“cc Ap ce

€ 40
A v Fit procedure is verified by toys

\ v Robust result against many checks

%: 60 E_ \I | | _E
&K 505_ E Source Uncertainty (ps)
g- Signal and background mass models 0.005
= 40F E Correlation of mass and decay-time 0.004
§ 30 — — Binning 0.001
§ - 3 E Data-simulation differences 0.004
= : - Resonant structure of decays 0.011
S 10 g Hardware trigger threshold 0.002
) LSS TRL ST Simulated =11 lifetime 0.002
S R SR S TR AY lifetime uncertamty 0.001
0.5 1 1.5 2 Sum in quadrature 0.014

Decay time [ps]
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Mass and lifetime predictions vs measurements

s Predicted Z,."" masses in range 3.5 — 3.7 GeV

= Mass splitting between Z%. and Z1.* only a few MeV due to u, d symmetry
s Expectation: 1(5") = 4x1(5].

= Calculations give t(£%") € [ 200 — 1550] fs

Measured lifetime at low side of predictions

>37501----l----l----|----|---_Lfg L B e
é) Predicted E;, mass O 1600 o
3700 m-----mmmmmmmm oo - 1400
o8 7 11200
365070 "7 o, ] —
- D -
LHCb 3¢ [, F-er - =-55-7-—-=--o
: o "o 1 800
: Y s 3 600 ’
3550 O O —
SELEX & e e 7T e
€€ 13500 === === mmmmmm o = LHCb £/
: . 5 o3 200
34501 PSR R R N S TR T W N T T SN WA N N S T S T 0 R B T T B
Ref # Ref #
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Exotic study with amplitude analyses at LHCb

s Used Helicity formalism and isobar Ay — J/¥pK~ as an example
mOdel . . . /12 _)]/lpA*: A, rest frame
= Full amplitude fit uses all possible mass 4 - kp B )

and angles to get maximum information

b, a A rest frame

for J” of exotics  fes rame |
o Different decay chains added coherently

o Rotation angles introduced to align the lab frame
helicity axes for non-scalar final state

 rest frame A, rest frame ¢ _n

1
}:2:}: ,iA,\Z 3 @ P,
|M| ‘() /\P*A’\H +e dA;’)C’)‘P ) MAA()s)\;I:CsAAy
APe b

Ao Av AN

: : : N0 = prK- c LNy
s Other formalism is also in the market hoe A,
Pc _)]/l/)p lab frame

[arXiv:1805.02113] to be explored
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=, baryon spectroscopy

m Numbers of excited b-baryons have already been discovered

0 , o~ d
o Z;° not yet observed gy, | 1/27 | L
;| 3/2% T
PRL 108, 252002 (2012) PRL 114 (2015) 062004 JHEP 05 (2016) 161
%16ZCMS %140 RS SR
R S A A > > F | LHCb
5125 Background E 1005_ E 505— n - i
g 10E ;: %0 E_ g 40 ;_ .:b(5945)
4; E 40 — ‘ _ g
2} 20 T A L RETr Y
o) = i I W L 1 I I I : 0 by 2R u;\;‘{i—‘““ ‘\\\\\"t\\f“i\\l\\s \\\\\\\\\\’.\ ; T
0 10 ) 20 30_ 40 50 0 10 20 30 40 20 3() 40
MU/WYET") - MU/YE) - M(rt) [MeV] _ _
M(Eym~) — M(E)) — M(m™) [MeV/c] M(E,m) — M(E,) — M(m+) [MeV/c?]
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=, baryon spectroscopy

= Numbers of excited b-baryons have already been discovered
a0 55(5945)° » £t [CMS'12]
a ub(5935)_,ub(5955) — ._,bT[ [LHCb 15]

Ebert, Faustov, Galkin,

. PLBES59, 612 (2008).
Experiment

0 Eb not yet Observed ; p— _meas"'emet E;E“J%ﬁg;ﬁ?éﬁ"}] ﬁfﬁﬁﬁm A23._2817(2008)
E e.mmf— |
~ F 2P .
= More higher excited states are = LI
= 6400 e
expected to be above AYK z N )
6300~ u 2S _ - -
threshold ool b T S TP
6100 = = il
b b i_ = %
b u Ag b u Eg o000 i:b’ub - - -
Excited | d s s s900F- 1S
" ) 7\ ) %@ _ 5800 f::-b- ... . -
K T -
s \® d d . O S TR R R S
JU = 3555555055333 5333535353333343
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r-v**

Observation of a new =, state

PRL 121 (2018) 072002

L] O _
= Hadronic Ab — /12-_7'[ T, LHCD — Fuilfit FLHCb — it ]
T T SHGn | ey CE e
[ ompinatorial - Inatorial
o Resolution: 2 MeV s | 400
8 2001 o oot 4
a 7.9(5 5
2 200
S 100"

|- L o R R
500 600 700 800 900 500 600 700 800 900

M(AJK) - M(AD) [MeV/c?] M(AK) - M(A]) [MeV/c?]
" I %  [LHCDb —— Full fit "LHCb — Full fit
N Semlleptonlc (SL) S lss78TeV — = AOARKK s=13TeV — & — AYSAWXK
O + _ _ E 15001~ Combinatorial 2000'_ Combinatorial
Ap = Acu” X, : 4
E 1000~
o Resolution: ~18 MeV E F o 1000~
500(#" v
o Yields ~15 larger ’
M
o 250 . o0 Kjl)?AgK')-M??\%) Mevic?] 0 . ﬁ)&gK‘) -M??\Og) Mevicd
% [LHCb — Fullfit 400-LHCb —— Full fit
: : >300—_ — B B X C V= B B Eu X
m Semileptonic (SL) S T8IV St | ST R o
e 3001
:'O - :‘+ _X']j § 2000
“b =C ‘Ll |28 é L 200F
©
% L
a 926 S 100 ook

L. Zhang o a0 800 80 400 600 800 51
M(ER) - M(E) [MeV/c?] M(ER) - M(E]) [MeV/c?]



The ="~ properties

PRL 121 (2018) 072002

s \With hadronic mode

M(E*7) — M(A)) = 607.3 £ 2.0 (stat) £ 0.3 (syst) MeV/c?,
[' = 18.1 & 5.4 (stat) £ 1.8 (syst) MeV/c?,
M(E7*) = 6226.9 £ 2.0 (stat) £ 0.3 (syst) & 0.2(A7) MeV/c?,

Mass peak position is consistent between the three decay channels
m Production ratios are measured with SL modes

Quantity 7+8 TeV 13 TeV
(0z5-/040)B(Ep ~ = APK™) | (3.0+0.4 + 0.4)X10? (3.4 £ 0.4 £+ 0.4)X103

(0g5-/050)B(E,"™ > Epm™) (47 + 9 + 7)X 103 (22 + 6 + 3)X 103

s Many states are predicted at ~6230 MeV

o To distinguish them further information needed (e.g. J*, B)

L. Zhang

Ebert Faustov,Galkin,
PLB&59, 612 (2008).

Experiment : )
Ebert, Faustov, Galkin, Roberts,Pervin,
measurement oo ne4,014025(2011). Int.J Mod.Phys. A23_2817(2008)
— 6700
-
U =
= 6600 | LI
E — N
":: - 2P .=
9 650(]:— o . - .
o | - - =
— - - -
= 6400 1D - - =
- - - - =
6300 =T - -
- “b - 28 |
[ = o o o o e e e S e = — = —— T e o e e
6200 1P - = —
6100 B B - -
6000f-= .5, * -
=D - - -
| = = - - -
5900 1S
5800 ... .
S-an o 1 1 1 | ] |
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