Spectroscopy of Baryons at
LHCDb

Liming Zhang
(Tsinghua University)
On behalf of the LHCb Collaboration

TR



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 \ \
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Interaction
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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
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[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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= Advantage at LHCD:

o Huge b-production cross-section
o(pp > bbX) ~ 72 pb @7 TeV ~ 144 pub @13 TeV in LHCb
acceptance PHYS. REV. LETT. 118, 052002 (2017)

o Can also access AY, BY, BY
BO:A.:B, = 4:2:1

s Disadvantage at LHCb:

o Efficiency of one track ~50% (not good for
large number of finial states)

o Inefficiency for K9, A%,y

[LHCb, JHEP 08(2014) 143]
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LHCDb collected luminosity

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018

- | 2018 (6.5 TeV): 2.14 /fb
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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
Ep
1 e it a
PV PV
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Two methods for spectroscopy

= Direct production in pp collisions = Production by a B or D decays
0 EXF QL > EK o X(3872) JP
0 Z(4430)
o All excited B, &) = E,m; 4,K 0 X(4140) ...
o P.(4450), P.(4380)
Q D(S)J
g, T
Mg g:E Aj
PV PV
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Charmed and bottom baryons

= 25 charmed baryons
observed
o Missing many X:?

= 11 bottom baryons
observed

= Bottom are very similar
to charmed baryons

12/16/18
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Bottom baryons

v Direct production
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=, baryon spectroscopy

= Numbers of excited b-baryons have already

: b s
been discovered Py 0
C) 1/2
~ —~~— b h'b
0 .:*(5945)0 - 5ot [Cl\/lS 12]
§ b 0 1/2t | LoD
1 0
o &, not yet observed .
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ﬂRL 108, 252002 (2012) JHEP 05 (2016) 161 \ / PRL 114 (2015) 062004 \
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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 _ - -
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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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Observation of a new =, state

PRL 121 (2018) 072002

s Hadronic /12 — /12-_7'[ T oo LHCD R K " LHCb g LV
Resolutlon 2 |\/|eV 2 \/_—78TeV E%rr;;matorlal 400 s=13TeV EJtémeinabtorialC
a . 2 I
% 200 t, ot gt
o 7.9c g
'tCJ 200
New method using SL gives 15x yield than ° ™
that in HD, largely increase search power of AN A
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o Resolution: ~18 MeV 5Ol
5007 I
o Yields ~15 larger ’ A
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o Semlleptonlc (SL) 18TV L o
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50 > 22X, |
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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?,

6.8

Mass peak position is consistent between the three decay channels o3 =) =,

3S

6.6' 3S 2P 6.6

m Production ratios are measured with SL modes —

2P

. S 64 = BA 164
Quantity 7+8 TeV 13 TeV 3 1D _ ZK
~ kK — —_ \E/ 2_S ___________________ 1 B-_-_-__.___ '
(Oz2- /aAg)B(zb - APK™) (3.0+0.4 + 0.4)X103 (3.4 + 0.4 + 0.4) X103 762 5,622 162
s P AK
prr— 20— - - =
(0z;-/059)B(Ep ™ = Epm™) (47 £ 9 £ 7)X 103 (22 + 6 £ 3)X103 ool - =2
1S —e— -
=},(5935) =7
5.8-15%7;’5)_ 5.8

m Consistent with 1P states

Bing Chen et. al. PRD 98,
(2018) 031502(R)

12/16/18 13



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

s A) > Arm~ combined with 7+ from PV
= pr(rt) > 1 GeV to suppress backgd

s Relativistic BW convoluted with
resolutions of 1.0, 1.1, 2.4 MeV for

2y, 2y, Xp(6097)
Quantity Value [MeV]

m(X,(6097)7)  6098.0+ 1.7 + 0.5
m(X,(6097)7)  6095.8+ 1.7 4+ 0.4
I'(X(6097)7) 289+ 42 + 0.9

(X,(6097)") 31.0£ 5.5 £ 0.7

27 and X} parameters are measured,

5x more precise than the previous CDF values
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Charmed baryons

v Direct production

v From B decay
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/12.*) spectroscopy

m Status B.Chen, K-W. Wei and A. Zhang, EPIA 51 (2015) 82

— experimental observations / nonrelativistic heavy quark-light diquark model

— 3000

> E E . - -
Z o0k D52 A ss0r states seen with confirmed properties
8 2800E 1D, A2 e veeeeraeeans 1 D%
= 2700;— 1P, 32 A.(2625) — AC(2765) or EC
2600 —  A(2595)" ]
sk P12 ¢ E threshold structure near 2840 MeV
24005— —;
23005— A8 127 4 _ Ac(2940)
200E 3

_ LHCb-PAPER-2013-056
s B(A, » D°prr) measured with 1fb! PRD 89 (2014) 032001

Amplitude analysis with 3 fb-1 LHCb-PAPER-2016-061
JHEP 05 (2017) 030
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Amplitude analysis A, — D’pr~

m Clean sample with ~11K signal events

S 1800 M

S je00f LHCD ¢ Ai>Dpr

I | B Part. rec. bkg.

= 1400 L e Comb. bkg.

£ 1200f .

2 Loool 1.0 fb? 7 TRV

& soof 2.0 fb! 8 RV
600

400
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O-.,.""u A T e
5400 5500 5600 5700 5800 5900
M(Dpr”) [MeV]

LHCb-PAPER-2016-061
JHEP 05 (2017) 030

& o 13
> 14 2 12k
212 SN:
s % s,
7

3 i

2 L
i\ i

| ' ' | | ' | ' N | ]
10 20 30
M?*(D°p) [GeV?]

fit in different phase space regions to reduce complexities

Phase space region

M(D’p) [GeV]

Yield Full 1 2 3 4

A) — DYpr— 11212+ 126 2250 £61 1674 +£46 3141 +63 4750479
Combinatorial 14024 + 224 4924 £ 132 968 £ 78 2095+96 41884127
Partially rec. 4106 + 167 1344 + 96 321 £ 64 691 £ 75 1204 + 96
Signal in box 10233 2061 1500 2803 4261
Background in box 1616 598 89 192 427
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Amplitude analysis A, — D’pr~

LHCb-PAPER-2016-061

5+ ] JHEP 05 (2017) 030
m A.(2880) JF = ~ confirmed
m(A.(2880)T) = 2881.75 4 0.29(stat) & 0.07(syst) "5 (model) MeV,
['(A.(2880)T) = 5.4370 77 (stat) + 0.29(syst) 0 0o (model) MeV.
3t . —— A/(2880)"
= A.(2860) JP = > confirmed 4940y
g B NR,, (1/2%)
m(A.(2860)7) = 2856.1775(stat) & 0.5(syst) 5 s(model) MeV, NR,, (1/2)
T(A:(2860)1) = 67.6710 (stat) + 1.4(syst) T30, (model) MeV. ~ ~ jlizgé;z )
— + —_ + ———— .
p_3 3"5 5T NR,-(1/2")
u AC(294O) ] - 2 favored ’ ( 2 ) 2 ) 2 30—) ___________ BankgrOllnd
35 0.1 >300p | | E
m(A(2940)7) = 2944.8752 (stat) & 0.4(syst) T} s (model) MeV 8 Jsof LHCP 1 ]
T(A:(2940)T) = 27.7782(stat) & 0.9(syst) 92, (model) MeV. & | '
Saoftues | T 5 ienk ura ]
< 30F . E 8150 b
=% A(2860) NN ]
Argand plot — " ¢ ; R -
10 O 50F L 4
C Z ............. "\: ~ 2\ Li
o o =20 A e SR B S A e b S L]
Breit-Wigner — 9% 285 29 295 3
40 M(D°) [GeV]
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18

12/16/18



Observation of exited ). states

LHCb, PRL 118 (2017) 182001

* Excited A7, X, =, states have been reported but no excited 2
states were observed before LHCb

* 3fb1Runl+ 0.3 fb? Run Il pp collisions data
* Decay: Q0 - EXK~, Ef > pK~m*

S 80000
0 | o = 7 MeV
= | Purity = 83% LHCb
= 60000+
pK~,m* % '
<
k5 I
< 40000
% L
Cabibbo suppressed © I
decay, but much higher 20000
reconstruction
efficiency ol v
2440 2460 2480 2500

m(pK ~*) [MeV]

19

12/16/18



Observation of exited ). states

12/16/18

LHCb, PRL 118 (2017) 182001

* 5 narrow states & evidence for 6'" broader state at high mass

Resonance Mass (MeV) [ (MeV)  Ng=+Ax?

2,(3000)° 3000440240172  45+0.6+0.3
2.(3050)° 3050240140177  0.8+£0.240.1
< 1.2MeV,95% CL

02.(3066)°  3065.6+£0.14+0.3792  3.5+0.4+0.2
2.(3090)° 30902 +£0.3+0.5792  8.7+£1.0+0.8
2,(3119)° 3119140340972  1.1+£08+04

< 2.6MeV,95% CL

2.(3188)° 3188+ 5 +13 60 + 15+ 11

Even at the most powerful particle accelerator on
Earth, the discovery of a new particle is a big deal.
Finding five new baryons in one go, as the Large
Hadron Collider beauty experiment (LHCb) has
done, is truly historical.

- Matteo Rini  Physics

20.4
20'4 § :I T T T T T T T T T | T T T T :
23.9 — L +EK )
911 \:/ - * — Full fit =
. B --- Background 7
10.4 § 300 B Feed-downs |
.-g - Z7 sidebands
;-5 [ -
6.4 = - i
< =7 N\ _|
5 200,
Feed-down ;
34
0

3000 3100 3200 3300
m(ETK™) [MeV]
Feed-down: 0 - K27 2lF —» yET,
m(E}K ™) mass peaks shifted
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Interpretation of exited ). states

W W
&~ W

Mass [GeV/c?]

32F N 0,(1D)02,(1D) 21D E4E Z
= \ 2100 (1D) 0
3.1;—:&::::::::::::::::::::::::::::::::93113):—_:%8(1)%(96);3
§: ch(g)----::-/:--::-/---::::::::::::::::::::505885030
3 :_Qc@s - %%/Qf% /4/—/’ ------------------- 3 2.(3000)°
29E T e =
28 E
: ) =
27z % E
- Q. -
2.6E -
S S p p P P P D D D D D D
jqq' 1 1 O 1 1 2 2 1 1 2 2 3 3
gpo 3 r 1r 3 3 5 1 3 3 5 5 T
2 02 2 2 2 2 2 2 2 2 2 2 2
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Interpretation of exited ). states

s Quark model

/; :" [ _I"'_""'I": S\ : "'_I"5/2'_I"'|":
S 4001 2 h h ¥> LHCb - 2 400r 2 LHCb -
— B 3/2 - — - + i
g . 12 | _ i Z i i
& 300 | ‘ 5/2 . & 300
< B < N
= - = .
s
E 200 | g 200
: T -
100 All 5 are ss bad-diquark 100
- O N
0 3000 3050 3100 }150 3000 3050 3100_+ §150
m(EZ_K ) [MeV] Adapted from Fig. 2 of arXiv:[1703.04639] m(‘:’c K ) [Mev]

Adapted from Fig. 2 of arXiv:[1703.04639]

m Some theorists also consider 3050 & 3090 are D= molecular
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Excited 2, states

s LHCDb observed 5 narrow states (+ a possible wide one) in 2017

m Belle confirmed the first four states this year

PRL 118 (2017) 182001
T T T | T

PRD 97 (2018) 051102

e
LHCb | %

N
-)
IIIOII
S

+EZK"
— Full fit 25 }
+ --- Background 7 20
Feed-downs | 15

'
I | " NI I |I|| 1 |
— ) | ' : « el 2 St ! 1 By e
10 E!" l : i :l L L "I: T : : ~ : I‘ n P ) v il! "ﬂlf-L ‘IIA-T-‘IIII-I-L_I* 1
ol Ll ¢ ! - ) '
s ¥ LA | [ ]

E7 sidebands A

Candidates / (1 MeV)
()
S
?
|

The measured masses are consistent
with LHCDb values

3000 3100 3200 3300
m(E7K ) [MeV]
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Measurement of 2? lifetime

PRL 121 (2018) 092003

s Charm-hadron lifetimes probe high- S | '+ Data
. : S 300_‘% — Fullfit
order corrections in HQE 2 1A ot pikn
. . N [ 748 TeV Comb.
s Charm-baryon lifetimes are not well > p00.
. . 9
measured, in particular 27 (69 + 12fs) 5 & 14 Lt
Precision 17% S T I S
s Current measurements ~ ooon R e T
TEQF>TA;*>TEQ>(ITQQ) AN
N / 2660 2680 2700 2720
B pK K z* mass [MeV/c?]
s LHCb uses b — ¢ semileptonic decays
to avoid bias on charm Yields:
_ ~ B Q2pu~: 978 £+ 60
a Signal: 2, — ﬂg(—> pK_K_T[-I_)[l_V”X (~10 times larger than any
previous sample used for 1)

o Control: B » D*(» K n*rn")uv,X
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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)

m(02?2)
p(22)

t(2))=d-
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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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29 lifetime result
PRL 121 (2018) 092003

. . . 2 [ ~ 0,
= Simultaneous fit signal and control samples 3150-'% Qy>€u VX
o N . + Data
T 0 N S = Fit
2¢ _ 0.258 4+ 0.023 + 0.010 24001 JF 160 fs
Tp+ — g [ (PDG)
(2_268i24i10i2(rl,® S g
50
Precision 9.7% [
= Many cross-checks ’ N 2 5 decay time [ps]
0 13 TeV 2016 data 69t121s e —
verage — » 1pP0cH V.
o An additional D° — K3 lifetime measurement e &-‘){ s pK K 7+
. FOCUS [2003] -o-
s LHCDb result gives WAB89 [1995] —e— 4x larger than PDG value
Re BN E687 [1995] ——
\ ] M M M | M M M ]
T=+ 2 T0O > T+ > T=9 0 500 200
Sel L 2 lifetime [fs]

12716118 Yerifications are needed from the other experiments and LHCDb study using prompt .Q(c’ 27



Exotic baryons
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Discovery of pentaquark states

PRL 115, 072001 (2015)

= Two pentaquark states observed in 26,000 A} — J/YpK ™~ decays

L. Zhang

S2200 —a— data
I H —e— total fit
background
Tol a
— 1800 ¢ @  LHCb “e P,(4450)
5 ] —=—> P,(4300)
£ 1600 2 --<-- A(1405)
o i —O-- A(1520)
> 1400 i
AT i A(1600)
o 7+8 TeV = Atso
;i --xc-- A(1690)
1000 Pm --3K-- A(1800)
5 P,‘ ---Er-- A(1810)
800 i --fe-- A(1820)
600 g ---w--- A(1830)
;! ---a-- A(1890)
400 - A(2100)
! A== A(2110)
200+
9
(@)

2 800 t
=
0 700 ® LHCb
2 600 ¥ ! ¥ Data
& b, Fit
> ¥
11 500 uﬂr ﬁWmﬂi .
o J T,
200 " -(4450) &#
%
200
100




Full amplitude fits to A} — J/ypm~

= Significance of P.(4380)", P.(4450)%, Z.(4200)" take together is 3.1 o including
Syst.

m First evidence! PRL 117, 082003 (2016)
2 P*?

< ] ' ' ' | ' i ' ' ' ' ' I /
S ' —=— Data —~ 250 —————— A
Q02 _a) LHCt:I ——— RMN"+Z+2P, | % b) LHCb st r‘n/ 8 Gev]
i BV okl Wi Sl | = 00 Do
& e P.(4380) ] \8_/ 3
B eeoene Z,(4200) g
o | ©
$ 10} 18

: IS s

n 00%00¢’ |

! ....-°°"""”" 4 |

1 L |_E'| J !l% : :l\'J - :‘I |

—h
—
ol
\
N
ol

L. Zhang M(p T[) (GeV) 30



Observation of &, — J/PYAK™

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

-4 Data LHCb

b > > E}J/'l,b 40-_ — Total fit _-
W— C --- Z, signal LL J
YK~ e
cr AO 1 U o omb. bkg
b () <.
4 —> — d}Awm)
S > > S
(u) (u)

Ny, =308 +21(2lc)  PLB 772 (2017) 265-273

Candidates/(6 MeV/c?)

fe- B(E; — JyAK™)

B o I = (4.19 £ 0.29 £ 0.15)x10°2
A} b Y

~, S .
. - A nly [l 3

Expect ~1700 signals, amplitude analysis  ; -3;,,;;;+;£+#+ﬂumw,‘;m%quhg
is In good progress P L N——_
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Weakly decaying b-flavoured pentaquarks

PRD 97 (2018) 032010
s Skyrme model: heavy quarks give .
, }J/lp
tightly bound pentaquark 5 W o
+ d le_l 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)

12/16/18
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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)

_
<

Pﬂ
o
S

—_
S
&

@
T

L L | L L L
5000

M
5500

I IGObOI I
m(J/yK 7w p) [MeV]

© |

LHCb ]

L 1 L
5000

m(J/YK 7+ p) [MeV]

L 1 L
5500

b

A

Py

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

A

UL(o x B)P /(o0 x B)

—_
o
)

—_
S
&

Fﬂ
S
[

__
o
b

= No evidence for signal, 90% CL limitson R < 1072 — 1073

oL 7+8 TeV

®) |
LHCb

L 1 L
5000

L | L
5500

m(J/YyK 7°p) [MeV]

L | L L 1
5500

5000
m(J/y¢p) [MeV]
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Summary

s LHCDb have made contributions to charm baryon spectroscopy

s LHCDb shows unique power to explore heavier states:
o including excited b-baryons, doubly-heavy baryons & exotic baryons

s WO H G BAE T, FHREE RS
o A}, X > Bp?

= Xk

0 Ep - EyntnT, BA?
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Search for dibaryon state

LHCb-PAPER-2018-005

s Adibaryon state [cd]|ud][ud] arXiv:1804.09617 submitted to PLB
could be produced in A} decays a
. + - = u P
to final state Afm~pp g}
L. Maiani, et al. PLB 750 (2015) 37 w u
_ b . . Ccl Dt - Afm™p
s LHCDb has discovered the decay A u — — u
0 4+ - = d > > d
Ap = Act™pp
Resonance contributions
& 200 o T J o R ]
% : LHCb } Data - % wb | 50 LHCb ;
= 150 F — Toul > L ¢ ¢ Data ]
NI T 30 — Total =
z% 100 E Eé F [y Background -
: f I BEHE
T sof TOENOhN . TioaE ]
A S Ty
0-55I'50 I é6b0 — >§6§0 — 15700 U '2500 2666 2700
m(Appr 7) [MeV/c?] m(A 7 -) [MeV/c?]
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Search for dibaryon state

. . _ LHCb-PAPER-2018-005
= Ratio of branching fractions arXiv:1804.09617 submitted to PLB

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 T =

il
1 T+[11+
+

(o))
o

(@) —— Simulation ‘ A

o=
L o
L +++++ +
L ++*

=

Entries/(25 MeV/c?)
S S
G
=
==
T
Entries/(25 MeV/c?)
5
S
S
— re— :
—
—
Entries/(25 MeV/c?)
» =
©
i
—=
e
—, @

0«¢%$ﬂ-++ ﬂ ot o ] 0‘*{44+j t i
35002000 2500 35002000 4500 3500 4000 4500
m(Al 7z p) [MeV/c?] m(Alz p) [MeV/c?] m(Alz p) [MeV/c?]
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BESIIlI data samples

6x10° 5x10° J( 29fbt | 4040 | 4180 |[ 4260+4360 4600
100 x BESIl | 20 x CLEO-c || 3.5xCLEO-c || 0.5fb || 3fb? ||  1.9fb? 0.5 fbt
oL | | ! | I |

B | A | l | | | ‘ | |
: % 25\ :
- /¥ i
6 — A Mark-I —
- Mark-I + LGW ] ’ il
i W Mark-II (R | )
R d 3 e PLUTO Parr I ol ]
i - DASP | AT ]
4 #r Crystal Ball ]ﬁ ° N ' 1 "
s * BES | ' I ‘wli A l-uj| | =
- ! | LR +&‘.‘37T|' )
3 — ‘ 1 I | || 1 J," 1 '.‘,11 4 -
- ’ ’ |: i + || | {“' y : B |£' | |
S U R e :
[ 3 N R - . '_ L 9% 1 1 —
B [ i 1 1 1 % ]
- | | | |T+Tj: | D: pSDSI : | :DISDS | | | | =
3 3.5 4 5

T scan ~1.5fb! (130 points) for :;:g’::gg

5 pb! R &QCD(2-4.6 GeV) 4236’ 4245

4270,4280 15

3.9fb!
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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 D Ab_)lcsz
— = Comb.

80
60
40
20

453 + 2

O PR
5450 5500

Next step: full amplitude analysis with more data

12/16/18

5550 5600

5650 5700
m(}(c1 pK ) [MeV/c?]
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Cross sections of ete™>w/¢px (J=0,1,2)

The triangle black data points are from
Phys. Rev. Lett. 114,092003(2015)

Other data points are from
Phys. Rev. D 93, 011102 (2016)

12/16/18

ete > @Y

Fit with a single BW

Mass =4226 +8+ 6 MeV
Width =39+ 12+2 MeV
Significance > 90

ete > Y ,:

Agree with from y(4415) with
BR=(1.4+0.5) X103 (sol. 1), or
BR=(611) X103 (sol. Il)

While BESIIl measures e*e™ — ¢y, at
4.6GeV PRD97, 032008 (2018)

« og(ete” - ¢py.) <5.4pb
« og(ete™ - ¢yy) < (42717 +£0.3) pb
« og(ete™ = dxs) < (6.713% +0.5) pb

Need data beyond 4.6 GeV to check structure in @y, and ¢ x
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Y(4220) and the new Y's

by Ryan Mitchell

v _F
g 220 = “Y(4260)” }(4160),
< 200 ) (4415)
_C e
g g0 was here V@220
160 £- "v(a320)"
140 :— "Y(4220)"mnp(28)
120 :— Y(4390) xy (2S)
— "Y(4220)"
100 nah,
— "Y(4390)"
80 — :r.'rhc
- "Y(4220)" .
60 — nDD
= "Y(4390)" .
40 — DD
= / "Y(4220)",,
20 __ c0
" - I 1 1 1 L I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1
4

150 7200 4250 4300 4350 4400 4450 4500
Mass (MeV/c?)

Mass~4220 MeV, Width~ 60 MeV!
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The Z_, Family at BESII

Zc(3900)+? Zc(3900)°? Zc(4020)*? Z.c(4020)0?
PRL 110, 252001 (2013) ~ PRL 115, 112003 (2015) _ PRL 111, 242001(2013) PRL113,212002 (2014)
%’ ; ;l:: Preliminary $, : L
3 2" g 3
3 “Rg o 5 :
§ 20 N' E
Q«.(‘ 38 4.0 - Peypihae -y
0 37 M.:;‘\.Vv)?éowca)‘o .\rl(NOJ/W)(GCV/Cz) 95 400 405 400 445 420 425 9 195 4 405 41 4I5S 42

ete” s - atJ

Zc(3885)+?

eTe~ — m9n°J/y

M, (Gevie)

ete™ s 1 1the

M (GeVich)

ete~ — 197%h,

Zc(3885)%? Zc(4025)*? Zc(4025)9?
ST: PRL 112, 022001(2014) PRL 115, 222002 (2015) PRL 112, 132001 (2014) PRL115, 182002 (2015)
DT: PRD92, 092006 (2015) ¥ = -comb.BKG  —+-detm G of : . . —
° - % | S — — total 6t 3 § 42CaV4RGN ¢ —
gw :::::Fn EWE Fz;:':;z?w %20:7 N T4 ;ﬂm u
mee | Suf i a1 )0 Tl
240 ':,1',;20:_ ot + T o

9.85 as 295 . 4.06 4.1 4.15
Moo

385 39 395 4 405

- 4
4.08 4.1
RM(%)(GeV/c?)

402 404 406 _  Ace

M(DD") (GeV/c?) RMIT) (GeV/ic?)

— v **\0
ete™ — = (DD*)™ (DD )° ete™ — n~ (D*D*)~ (D°D7)

Which i1s the nature of these states?

Different decay channels of the same observed states? Other decay modes?
12/16/18
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ete” - P(2S)

Tt~ Dalitz-plot

T T T T ] 10

8

6

4

2

0'0_ 1 1 1 » o
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80:—I {» +++++ R

o ATTLA

o AT 1]

20 70 SNV

0- PRI L ‘l‘:--u-—u‘ PR RS S | .""N-
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305—#‘ *\» H’H+ -

20 H/Jq’\'\ ]

10 / ' . -

r I/I ./‘/ :|> qj’ \

0"._|<f.‘/. P N | .~T‘~r-.'
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. /
e
4_ T~ .
R | 1 L S
010 015 020 025 030
M () (GeV/cT)

60F
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LHCDb results on tetra and pentaquarks (&3

. . 0 Kt wn ) B* > J/YPpK*
= Confirmation of Z(4430) B" > YpQS)m" K™ without 4430
(:]\ '_ T T I T T T ! T T T ! T T T I T '_ § :_
PRL 112 (2014) 222002 %1000_ i +,»/ ] = "% + + LHCb
© I 3 100 . X(4700)
N i S F X(4140) 5.60
. S £ w84 +
= Observation of two 2 500 F
charmonium pentaquarks I o
= - !
< - B
PRL 115 (2015) 072001 ° H[ o e b 2
0 T 18 20 "JA 0 _ h h 450 4600 70000
Ob tion of four J /Y ¢ - [GeV’] My MEV]
| servaton ot tour 0
A) - K~ Ay — T
structures ; b= J/¥p M J/Yp
© 800 S 40F L S
PRL 118 (2017) 022003 0 S LHOb COM I HHCb
= } Data o w/ exotics
5 * +iI‘*.I:% Fit © %
2 § =
] . (1} 500 ' “r ++wm:|: . 2 25§
= Evidence of exotic R, ", B 20}
Qe , ¥ P.(4450)" iy > 15k
contribution in Cabibbo- SV A g of
suppressed decays o] ‘
PRL 117 (2016) 082003 oh s OE 4_\- L
myy, [GeV] m ., [GeV]
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X(5568) — puzzle

« Possible tetraquark candidate of four different quarks § ”_ ® _Diu
» Seen by DO with 4.8 o significance =oF + ==
m = 5567.8 £ 2.9 (Stdt) 1.9 ) (syst) MeV/c? ::‘ - i 11+7’ 0+22003
=319 %64 (stat.)_fz’:g (syst) MeV /c? ol : ¥

250F (@) S\ 300— 0 Claimed X(5568) state —
= . DOR ,10.4 fo'! i ni E LHCb B;) > 10 GeV ]
If confirmed, would r PR ILT0410T s Somloponepaa | 2 ok orlBs Wororow
be unique with 4 % e PRI120.202006 ? N PRL 118, 109904 E
) - 7 . =~ ~ m E ‘. , |
different flavors z 6.7 o S s | 1
> 10 .g n .
z = 1000 =
50 g E E
50— —~
0 O E E
“555 56 65 57 575 55 58 88 . F
m(B% *) [GeV/c?] 5550 ‘5600 ‘5650 5700 5750 5800 5850 5900 5950 8000
0
m(B%x:) (MeV)
a 120CDF - CMS 19,7 i (8 TeV) 3 QTLAS : . ==
> PRL 120, 202006 ® gool- @ P f s F
2 100 = °00F i i 3 - o b
o BY signal region oo 3 LR 3 g 400:— g T
g 80— | o 600~ = | E
: caafla e £ PE)>10Gev | = AT PRL 120, 202007 -
§ 60 _ | T 400 { Data 20 | ATLAS Sl ) E
-12 : . _ 8 B — Fit w ! (5-7 TeV, LR B L Background (B)
8 40~ B, sideband regions 200k 100 | Ye=8TeV, 19.5 fo __Eé(nfass peak
20l ] PRL 120, 202005 1 Ry{E)> 10 Gev -
ey N e L = : : : E
0 ] 1 ] ' " ; i :E, i; i
55 56 57 58 59 T =
12/16/18 M (BU Iti') GeV/c? 5600 5700 m;t;l‘;x-:.;vs:\?]J 45




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
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Theoretical interpretations

=257 (6227)7: good candidate for 1P 5/2- or 3/2~ state

o Not 2S state, since 2S state doesn’t decay into 4, K

= 2,(6097)% : good candidates for 1P 5/2- or 3/2- state

6.8 I =) F:l
3S
6.6} 38— P
2P —— D=
—~ 6.4} BA
% lD_ 28 5K
O - %K
S e IP== ,
2 6.2 =,(6227)
S 1P ApK
= e
g,
6.0f 25(5955)"
1S =
/(5935) =
E,(5795)"
5.8 1S—e
Bing Chen et. al. PRD 98 (2018) 031502(R)
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==
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|
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16.6

16 .4
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Bing Chen, Xiang Liu arxiv:1810.00389




Measurement of 2? lifetime

PRL 121 (2018) 092003

s Charm-hadron lifetimes probe high- S | '+ Data
. : S 300_‘% — Fullfit
order corrections in HQE 2 1A ot pikn
. . N [ 748 TeV Comb.
s Charm-baryon lifetimes are not well > p00.
. . 9
measured, in particular 27 (69 + 12fs) 5 & 14 Lt
Precision 17% S T I S
s Current measurements ~ ooon R e T
TEQF>TA;*>TEQ>(ITQQ) AN
N / 2660 2680 2700 2720
B pK K z* mass [MeV/c?]
s LHCb uses b — ¢ semileptonic decays
to avoid bias on charm Yields:
_ ~ B Q2pu~: 978 £+ 60
a Signal: 2, — ﬂg(—> pK_K_T[-I_)[l_V”X (~10 times larger than any
previous sample used for 1)

o Control: B » D*(» K n*rn")uv,X
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29 lifetime result
PRL 121 (2018) 092003

. . . 2 [ ~ 0,
= Simultaneous fit signal and control samples 3150-'% Qy>€u VX
o N . + Data
T 0 > [ # Fit
2¢ _ 0.258 4+ 0.023 + 0.010 24001 JF 160 fs
Tpt TR (PDG)
(2:268i24i10i2(rl,® S g
50
Precision 9.7% [
= Many cross-checks ’ N i; : 0 decay time [ps]
2 13 TeV 2016 data 69t121s e —
verage — » 1pP0cH V.
o An additional D° — K3 lifetime measurement e &-‘){ s pK K 7+
. FOCUS [2003] -o-
s LHCDb result gives WAB89 [1995] —e— 4x larger than PDG value
Re N E687 [1995] ——
\ 1 o o o 1 o o o 1
T=+ 2 T0O > T+ > T=9 0 500 200
Sel L 2 lifetime [fs]

12716118 Yerifications are needed from the other experiments and LHCDb study using prompt .Q(c’ 49



