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Outline

* LHCb experiment
 Observation of EJ.F by LHCb ~ arXiv: 1707.01621

e Summary
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The LHCDb experiment st
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LHCb experiment s (SR

Aiming for precision measurements in b, ¢ flavor
sectors, covering 2 <n < 5

Challenges for hadron spectroscopy: hadronic
background and particle mis-identification

Tracking system (particle reconstruction)
* ¢(Tracking)~96%

* 6p/p~0.5%-1% (5-200 GeV)
¢ O-(mB—>hh) ~22Mev = 1 m

~
L)

I zZHOIY

=N
|

Separating neighboring structures L g
S — =0
-3 ] %
Vertex Locator (vertex reconstruction) e | ) =
 Impact parameter resolution: 20pum 2 41 3
* Decay time resolution: 45 fs (t;,~1.5 ps) B =
Identifying weak decays 2
<

RICH detectors (K /m /p separation)
e (K » K)~95% with e(r - K)~5%
* €(p » p)~95% with e(r - p)~5%

Distinguishing K and p from
Heavy Hadron Spectroscopy (Yanxi ZHANG)

17-18 July 2017



Data samples

e Runl: 1. fblat 7 TeV (2011) + 2. fb’!

at 8 TeV (2012)

« RunIl: 0.3 fb' (2015)+ 1.7 fb (2016)

at 13 TeV

* Dedicated software trigger scheme

40 MHz bunch crossing rate

T 33 It

I LO Hardware Trigger : 1 MHz

I readout, high Et/Pr signatures

450 kHz 400 kHz 150 kHz

| Software High Level Trigger I
t displaced tracks/vertices and dimuons

Partial event reconstruction, select ]

Buffer events to disk, perform online
detector calibration and alignment

of inclusive and exclusive triggers

I 1 7

12.5 kHz (0.6 GB/s) to storage

I Full offline-like event selection, mixture]

Integrated Recorded Luminosity (1/fb)

pp collisions

LHCb Integrated Recorded Luminosity in pp, 2010-2017

E « 2017 (6.5 TeV): 0.21 /fb 2012
2F 2016 (6.5 TeV): 1.67 /fb L
18 & 2015 (6.5 TeV): 0.33 /fb /
CE « 2012 (4.0 TeV): 2.08 /fb 4
165 « 2011 (3.5TeV):1.11 /b
= 2010 (3.5 TeV): 0.04 /fb
14 = 4016
1 y ot
0.8F //
- ,.f
0.6 / /
04F / =
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_: i -’4;: Rl —~Ton L ¥ (! - L
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Efficient trigger for hadronic channels
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Observation of the doubly charmed
baryon £ ;.I-C-I_ arXiv: 1707.01621

=++,
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The doubly charm baryons e

+ +
« Two SU(4) baryon 20-plets with J¥ = % and JP = % , each contains a SU(3)
triplet with two charm quarks: 21.(ccd), EFF (ccu), Qf.(ccs)

37t 1t : .. :
« JP = > expected to decay to - statesvia strong/electromagnetic interaction

+
o JP = % states decay weakly with a ¢ quark transformed to lighter quarks
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KSR

Mass and lifetime

* Many theoretical calculations for masses and lifetimes of ground states

* Masses by phenomenological models

> E" T most of them with 3.5 — 3.7 GeV. Mass splitting between 2/, and £
only a few MeV due to u, d symmetry S

3107 7 T T
- Q : Predicted E., " mass O
> M(Qg_c ~ M(:‘CC) + 0-1 GeV E 3700 :— —————————————— BT -
C o -

U m ]
3650F %0 7 o 7
:D = O - O O :
- O -
3600F -~ ° oo, &
. . - } oo .
* Masses by lattice QCD computations ~ 3ssof ReB1-301 SRR
- oo o O ]
2= )=~ 3. 3500 [ --n-=n o m oo 3
M( C+C) 3.6 GeV Refs.[31-46] : - 5 o
M(QCC) = 3.7 GCV 3450 | IS S [ SR T W T NS TR S S N S S S R SR

e Lifetimes Theoretical uncertainties not included

> Expect 7(EXF (ccu)) >» 1(EX. (ccd))
> Most calculations give T(EXF) € [ 200 — 700] fs  Refs.[5, 6, 12 49-52]
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Experimental studies of £,

e

« SELEX claimed to observe E}.(ccd) in Ef, > ALK~nt and pD* K~ decays
» Mass: 3518.7 + 1.7 MeV

> ALK nt

Events /2.5 [MeV/cz]

O = N W H» 0 ONO®

=+
~cc

PRL 89 (2002) 112001, PLB 628 (2005) 18

2. > pDYK™

S pD'K
Q
ﬁ 4 peak mass: 4-bin Poisson Prob
S35 3516 MeV <64x10"
8 L/c>10
o 3
2.5
2
1.5
1
%46 348 35 352 354 356 3.58
M(p D" K)

* Not confirmed by FOCUS, BaBar, Belle and LHCb in much larger A} samples

8
FOCUS: Sum of all £ , decay modes

I Nucl. Phys. Proc.
Suppl. 115(2003) 33

| SELEX E7

I
HMH |

M(EZH) GeV/e?
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PRD 74 (2006)011103

W %910 L 12 13 14 15

AM(E}, — A}) GeV/c?

PRL 97 (2006) 162001

—

BJrelleJr+ b ++ { ++
: Al R

}

SELEX £ |

34 3425 345 3475 35 3.525 355 3.575 36 3.625 36

M(AYK %) GeV/c?
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Searching for 2] (ccu) S
« Expected to have longer lifetime than 27, higher sensitivity at LHCb

« Decay: 2 - ALK ~nTn™, branching fractionup to 10% Refs. [56]

 Data sample: LHCb run IT at/s = 13 TeV, ~1.7 fb’!

» Dedicated exclusive trigger ensuring high efficiency, full event reconstruction at
trigger level

» Run I data (2012) also analyzed for cross-check

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2017

2017 (6.5 TeV): 0.21 /fb |-
2016 (6.5 TeV): 1.67 /fb
2015 (6.5 TeV): 0.33 /fb
« 2012 (4.0 TeV): 2.08 /fb
2011 (3.5 TeV): 1.11 /fb
2010 (3.5 TeV): 0.04 /fb

C_ L. i | |
2010 2011 2012 2013 2014 2015 2016 2017

Integrated Recorded Luminosity (1/fb)
w
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Candidate selection e

e AT 5 pK~n™:
»p, K™, " tracks: positive particle ID, not produced from primary vertices
» At good vertex quality, separated from primary vertices
»p, K=, ™" tracks and AL have large prt

o EXF > ALK~ nt ™ multivariate selector

» Decay fit quality

EXF s K ntntA (»pK™nh)

» pr of decay products
» EXT vertex separation from PV

4
x
—
o

:u _:: Il.l’ﬂ[} 1]—["“'—" Y ;! § é‘nn’.lé‘;j' lvrv)v]'vr v.vé‘g}“ld Ivvv ivv')]vvv
- L Prescaled data 3 °
_fé 40 'E— Al = pK=* 10% data _g g 12
? .{{ .:_._ Signal; 6 million for plOt _2 = '
g 30F : op
C- .‘(.lZ 3 :
& 25F E i
o ONME 3 |
E 20 E 3 6
= I5E 3 P+
= 10E =
S/ £ 2 -~
0
2260 2980 23X 232() 01 02 03 04 05 06 07 08 08
pK 7 mass [MeV/c?] Multivariate selector
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ATK ™™ mass distribution

A significant structure in right sign (RS) combinations

* Not present in wrong sign (WS) combinations

 Not observed for AL background candidates

* Distributions similarexcept the peak in RS

(U8 (OS]

) )

O )
1 rrri | L] | L L) TTrri LI 1
SPRARRN RRRE | |

[\ I \O)
S W
o O

150

Candidates per 10 MeV/c?

100
50
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KSR

arXiv: 1707.01621
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More teStS EXF s> K ntntAL(-» pK ™) %

=-cc

* Signal candidates only presentin A% signal region
arXiv: 1707.01621

<§ 2340 80
% —70
S 2320 Leo
lﬁ 2300 —50
< 40
vg 2280 “

= 2260 ”

10

2240

0
3300 3400 3500 3600 3700 3800
m_,_ (555 [10 MeV/c?]

17-18 July 2017 Heavy Hadron Spectroscopy (Yanxi ZHANG) 13



Fitting the mass peak ey

* Studying Af-mass corrected mass: mcang(EL) = m(AfK~nt) — m(AL) + mppg(AY)
» Signal yield: 313 + 33
» Resolution: 6.6 + 0.8 MeV, consistent with simulated value

» Local significance > 120 arXiv: 1707.01621
L 180F fgen ey 12
= 180 LHCb 13 Tev :
é’ 160 | -
" 140 - +Data E
= - —Total .
120 Signal ‘ + -
% 100 ---Background + -
2 - I 11T
g sop } f
S eof p BT S

ot E

200 -

0] T I S Y B ]
3500 3600 3700

4 .

m_, (Z:) [MeV/c?]
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Fitting the mass peak ey

* Studying Af-mass corrected mass: mcang(EL) = m(AfK~nt) — m(AL) + mppg(AY)
» Signal yield: 313 + 33
» Resolution: 6.6 + 0.8 MeV, consistent with simulated value

» Local significance > 120 arXiv: 1707.01621

m(E5H) = 3621.40 + 0.72(stat) + 0.27(syst) + 0.14(A*) MeV
m(EXT) —m(AY) = 1134.94 + 0.72(stat) + 0.27(syst) MeV

Systematic uncertainties

Source Value [ MeV/¢?]
Momentum-scale calibration 0.22
Selection bias correction 0.14
Unknown =17 lifetime 0.06
Mass fit model 0.07
Sum of above in quadrature 0.27
AT mass uncertainty 0.14
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Fitting the mass peak e

* Studying Af-mass corrected mass: mcang(EL) = m(AfK~nt) — m(AL) + mppg(AY)
» Signal yield: 313 + 33
» Resolution: 6.6 + 0.8 MeV, consistent with simulated value
» Local significance > 120

m(E5H) = 3621.40 + 0.72(stat) + 0.27(syst) + 0.14(A*) MeV
m(EXT) —m(AY) = 1134.94 + 0.72(stat) + 0.27(syst) MeV

Value consistent with many theoretical calculations

> 3750 | L I L B L B B B B N B S B B B
é) - Predicted =, mass O a
3700 p-------------- BT —
E - IZIDIZI . O 0 E
3650 :_ 0o - mE . O —:
0 00 o oog o, 0 °
— o Yo -]
FLHCDb £/ 0o ]  Refs.[1-30]
3550 - - £
- . = o U ]
3500 ------mmmmmmmmm e e —
N = O O .
3450 T————- L1 '
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More tests

L |
-

++
“-cc

1. Multiple candidates: not creating fake narrow structure

KSR
> K ntn*AL(-» pK~n™)

2. Checking combinations of tracks from AL and 27 : not peaking

3. MVA efficiency as a function of mass: very smooth

4. Varying threshold value of MVA selector: structure stays significant

5. Varying particle ID selections: no peaking structure emergingin WS
combinations, structure stays in RS sample

6. Using a cut based selection

instead of using MVA, requiring

good vertex fit quality, 22"
vertex displaced and tracks are
not produced from PV: peak
significance > 120

Candidates per 5 MeV/c?

20

0'.

arXiv: 1707.01621

160 F
140
120 F
100 F
80 F
60 f
40 F

1
LHCDb 13 TeV
—+ Data
—Total

-------- Signal
---Background

Cut-based
selection

L
3500

Heavy Hadron Spectroscopy (Yanxi ZHANG)
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3600

" ] L
3700
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More tests K K- ey

* Signal peak presents in run I data sample with significance > 70

arXiv: 1707.01621 arXiv: 1707.01621
NQ Tttt ] Nb ! | ! ! ! ! | ! ! ! ! | ! ! i
> 120 LHCb 8 TeV 1 = 7°F LHCb8TeV E
é 100 _Data RS - E 60 F +Data E
~ [ ~+DataWs 1 g sof —Toul =
& 80 .:iDataSB Ll = E Signal ]
8 C P i f £ 40 ---Background
S 60F i e =2
2 f T $092 sop i
S a0f LI B N 1 ]
@) - . 20 +Ill+_.,. [ =
2055 . 10F 3
0 : 'I o e e e Ly . P T Ca R PR R .
3300 3400 3500 3600 3700 3800 3500 3600 H?_>700
m,.(Zec) [MeV/c?] m_, 4(E%) [MeV/c?]

NE} - Atk ntnt) = 113 £ 21
Resolution: 6.6 + 1.4 MeV Consistent between two samples

Am(run I, runIl) = 0.8 + 1.4 MeV
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KSR

Signal properties

* Peaking structure remains significant (> 120) after requiring minimum

decay time, t > 50¢. It is indeed a weak decay.
arXiv: 1707.01621

U LA ' ;
% 140 LHCb 13 TeV 7
- t/o,>5 3
= 120F 4 Data M
= - —Total 3
] - —
o 100 e Signal .
i; 80F ---Background + : ) + ]l + -
3 ek i
40 FLt PSR ‘H- =
20— t - —
N SN S :
3500 3600 3700

m_, (E:) [MeV/c?]
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Signal properties S

e Intermediate resonances: K*(892)°,2.(2455)*+,2.(2520) **
arXiv: 1707.01621

o =

~

Nb 80: T T T T T T T T T ]
% 70;— LHCb 13 TeV — \ K_ 7T+/ / K*(892)0
= 60F K*(892) . O\
S sof E S d
E AT R R
5 30f | + = C C PR
g o m WL J( ij i . 1A \ 5 (2455)"*
10E = =
oi—+——————+——+——++f++:f — d 1+, Ze(2520077
Eo 3 wu T
-10 N/
600 800 1000 1200 =
m(K~7*) [MeV/c?]
80:- T T T T T T T T T T 3 80: T T T T T T T T T T T =
0F LHCb 13 TeV 3 70—’ 3.(2455)" LHCb 13 TeV 3
60Fi[! ]

sofi | 225200

AT |
++++ #Hﬂ | W n

10F -
Lol T I LTI

~10 B —— : -
3000 3200 3400 2600 2800 3000

m(AK 7%) [MeV/c?] m(A;r) [MeV/c?]

Candidates per 20 MeV/c?
Candidates per 10 MeV/c?
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e

Comparison with SELEX

« Large mass difference: m(EZ) ucy, — M(EZ)sprex = 103 + 2 MeV
» Narrow structures observed by both experiments Refs. [46-48]

» Inconsistent with being isospin partners

* Production: N(Z..)/N(A{) much smallerin LHCD result
arXiv: 1707.01621

L350 T e e
= " F LHCb 13 TeV :
2 300 E
- —DataRS .

= 250F ) =
5 T +Data WS .
%200:— .
s f | P
g 150 — SELEX :;-c I —
S ™ .
()100_— I —
S0E T I 3

- . ,

O PR T R T N T 1 R R
3300 3400 3500 3600 3700 3800
m_, (=) [MeV/c?]
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Prospects

17-18 July 2017

w

=+
~-cc

» Other decay modes
» Lifetime

» Production

» Spin-parity

a/s

: =+ +
» Searching for 27, Q7.

» Doubly heavy baryons with b quark(s)

» The excited states?
» New systems for CP violations

Heavy Hadron Spectroscopy (Yanxi ZHANG) 22



Summary e

« LHCb observed the £ (ccu) state inthe AT K "ntn™ decay

» Mass 3621.40 + 0.78 (tot) MeV inconsistent with £}, observed by
SELEX being its 1sospin partner

» Mass consistent with predictions by many models
» Opens new window for charm/bottom hadron spectroscopy studies

180

1
LHCb 13 TeV

Stay tuned for 0 bata arXiv: 1707.01621
upcoming results 5 “*°F —Total E
-------- Signal

100
80

Candidates per 5 MeV/c?
)
S

---Background

60
40 ¢ } .
Thank you 285, o R :
3500 3600 3700
mcand(EZj) [MeV/c?]
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Backup slides
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LHCb experiment e

JINST 3 (2008) S08005
IJMPA 30 (2015) 1530022

Aiming for precision measurements in b, ¢ flavor sectors
Acceptance: 2 <n <5

/
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LHCb experiment e

JINST 3 (2008) S08005
IJMPA 30 (2015) 1530022

Vertex Locator (vertex reconstruction)
 Impact parameter resolution: 20um
. Decay t1me resolution: 45 fs (75~1.5 ps)

CasSAL T e MS NN ]
0 R0

Magnet ~ By —Bj o lscillatmn . Tagged mixed :
; - ¢ I y o Tagged unmixed | I
\\; 4001~ . A Q — Fit mixed :
% i "' """""" Fit unmixed I

v-g s g @
2 :
s 200 _— :
i 1
| | New J. Phys. 15(2013) 053021 I
0 L L L | L L L L | L L L L | L L L L I
| 0 1 2 3 41
decay time [ps] :

———— Tracking system
g_g %& (particle reconstruction)
* ¢(Tracking)~96% >
* 6p/p ~0.5%-1% (5-200 GeV)
c o(mg_pp) = 22 MeV

4

Magnet
Bending power: 4 Tm

17-18 July 2017 Heavy Hadron Spectroscopy (Yanxi ZHANG) 26



LHCDb experiment

JINST 3 (2008) S08005
IJMPA 30 (2015) 1530022

RICH detectors (K /m /p separation) = - :
e (K » K)~95% 1 3% I
. £
e Mis-ID e(rt = K)~5% : i I
fi i (=] |
EG £40 :
>

235 |
s . F |

5 30F
5 IE |
25 1
3 A*“\ 15 e | R 1
iﬁﬁﬁk“‘lllllll“- Ll a3 N 10 102 |
3 MG T TR EE T Momentum (GeV/c) I
; A = | <>_>’ | B AL I RN A RENL LA N |
S 1
-g O O ALL(P-m)>0 :
E ® W ALL(P-m)>5 I
1
|
1
1
|
1
1
|
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LHCD trigger e

Comput. Phys. Commun. 208 35-42

Run IT Turbo stream:
Candidates reconstructed at trigger level

saved for offline analyses directly
450 kHz 400 kHz 150 kHz

High tngger efficiency for hadronic channels
[ Partial event reconstruction, select ~ 100 —

displaced tracks/vertices and dimuons § 90 E 0 - i _E

> S0k o D'= K n* n* + _+_ + E

.§ 70 _ - D°— Kg ot - _+_++ 2

Buffer events to disk, perform online £ 60F ~——
detector calibration and alignment, PID S0F —= —l—_l__l__l__l_ ]

. 40F —1‘—_1_ 3

' U 1 30F T ;
Full offline-like event selection, mixture 20 3 —— LHCb Trigger Preliminary E
of inclusive and exclusive triggers 185 e T

I 5 10 15 0 20
O O O | p,(D°) [GeVic]

\ 12 5 kHz (0.6 GB/s) to storage
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Data samples

* Runl: 1. fb-lat 7TeV (2011) + 2. fb'! at 8 TeV (2012)
* RunlIl: 0.3 b (2015) + 1.7 tb' (2016) at 13 TeV

pp collisions

LHCb Integrated Recorded Luminosity in pp, 2010-2017

17-18 July 2017

o £ « 2017 (65 TeV): 0.21 ffo

- 2F 2016 (6.5 TeV): 1.67 /fb

= 1 8F 2015 (6.5 TeV): 0.33 /fb

S E s 2012 (4.0 TeV): 2.08 /fb

O 1sF 2011 (3.5 TeV): 1.11 /fb

E = 2010 (3.5 TeV): 0.04 /fb

S 14F

- &

o 12

3 =

‘g e

© 08F

o =

T 06

£ oab / LA

© 04F
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e

Luminosity levelling to run at its optimal

instantaneous luminosity:
Stable running conditions benefiting
reconstruction and calibration

_
o
S}

N
(@]
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LHC Fill 2651

S
\
\
T~ ATLAS&CMS
T \.7
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1 1 1 1 1 1 1 | 1 1 1 l
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LLHCDb: observations of new hadrons

* With excellent tracking, particle identification and efficient trigger system,
LHCDb is a unique laboratory for hadron spectroscopy studies

0 PRL 114 (2015) 062004 JHEP 1504 (2015) 024

800 Hl B (5721)"— B™(B*y )«

LHCb pT > 2 GeV [ Bi(5747)°~B"(B"y )}v’

D
(e

200

120 é’ 700 [ Bi(5747)°~ B*n’ 3
E *k B B (5960)°— B*r" E

® soof- B*™ — Bm B B (5840)°— B*r =

100 ~ E [ Associated Production
8 500 [ Combinatorial —

- - —

S aof =

° E E

dm [MeV/c g oo =

o E =

100

N
o

Entries per 0.45 MeV/c?
3

g
IIIIIIIII

L]
— A il eemema e eae e e oD
20 E g? 4 1*1%* .L i {h 44 1‘11.“ i J. h# HL $ 41 F.L i 1448t
2 }_? “#?“ TUTeee * [ LA 1 30 RO X 3 f?*ﬂ'p’* T Y
o , ; R LR A .4 GRS
0 1 0 20 30 40 150 200 250 300 350 400 450 500 550 600 650 700 750 800

m(B*x)-m(B*)-m(x) [MeV]
PRL 115(2015)072001

120

100

Candidates/(10 MeV)

80

60

40

20

0 : - et
4100 4200 4300 4400 4500 4600 4700 4800 X . X 5
My [MeV] My [GeV]
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Lifetimes of 5" states

KSR

PDG
DY 0.410 £ 0.002
: o D} 0.500 % 0.007
Spectator model predicts almost equal lifetimes D 1.040 + 0.007
» True for bottom hadrons: 1.5 ps + 10% D;7(BF) | 0.507 & 0.009
» True for charm semi-leptonic decay width: At (cud) | 0.200 4 0.006 ps
[(H, — v,X) = B g 301 =0 (esd) | 0.112 4 0.012
THe =F(csu) | 0.442 4+ 0.026
* But charm hadron lifetimes known to vary a lot Q¢ (css) | 0.069 & 0.012

» Explained by non-spectator decays and Pauli interference, qualitatively

C S C S
Spectator (I5) 4 <W*(UC7) W -exchange (W) 4 I wlu

u/s u/s u U

» Destructive/constructive interference (FS_/ ¥ ): cuq /csq — suq/ssq(ud)
» W -exchange process (enhancement): cdq — suq

PTELW +TH >TWAL:W +T7) >TEHTT)
« Expectation: T(EX (ccu)) > 1(EF, (ccd))
* Calculations give T(E&F) € [ 200 — 700] fs  Refs.[5, 6, 12 49-52]
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Studies of Z,.. by SELEX experiment (&5

 SELEX (Fermilab E781) collides high energy hyperon beams (X7, p) with
nuclear targets, dedicated to study charm baryons

« Observed E}.(ccd) inE}. > AT K nt and £}, -» pD*K~ decays

> Signal yields: 15.9 (ALK ™) and 5.62 (pD¥K™)

> Short lifetime: 7(Z].) < 33 fs @90% CL, but not zero
0(EL)xBF(E{ ALK 1)

» Large production: R = oA ~ 20%
» Mass (combined): 3518.7 + 1.7 MeV Very puzzling
> 3750 o L B B B R AL L
é’ : Predicted =, mass O .
3700 p-------------- BT TTTTTTTTTTTmmmmmmssmoooees E
C . O = . ]
365050 Y oy i
0 O . 0 Do
_ O O3
3600F " -8 og =
n O ]
3550 :_ SELEX E}. 0 - -+ _:
I S - P —_— e — — ]
n T .
3500 - mmmmmmm e —
- = = = ]
3450 I ! L, l 1 Refs.[1-30]
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Studies of £... by FOCUS e

« FOCUS (Fermilab E&31) studies charm hadrons produced in photon-nuclear
fixed target collisions

« FOCUS didn’tconfirm E}. observed by SELEX in Af K ~m*decay

Nucl. Phys. Proc. Suppl. 115 (2003) 33

Decay Mode ZeeNKT ; I FOCUS: Sum of all E__ decay modes
Experiment FOCUS  SELEX 3f
= Bvems | <ootegw 158 El
Reconstructed A [19.444£262 1650F | g ey g
Relative Efﬁaeney 5% 10% 4 | e
Zee/ NS <023%@90% 9.6% |
SDLLE Rel = < Prod >42@90% 7 |
’ |
) |
* Other modes also studied: f, - ALX, D°X | |
D* X, no SELEX-like signal peak observed | - i
%4 35 3.6 3.7 3.8 39 4,

: ’ 4 GeV/c !
M (&)
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Studies of £ .. by BaBar and Belle ey

« ete™ colliders working at Y (4S) mass+/s = 10.58 GeV
« Large AL yields: = 0.6 M at BaBar, ~ 0.8 M at Belle
« SELEX-like £}, signal not confirmedin £}, - A7 K~ n* decays

O-(HCC)X BF(E{~AZK 1)

R = T < 2.7x107*(BaBar) 1.5x107* (Belle) @ 95% CL
BaBar: PRD 74 (2006) 011103 Belle: PRL 97 (2006) 162001
(\lf\ u) L B e B L m s e 450 _ T T T T T T T
L F | 400 |
> - L]
2 25¢ SELEX Ef. | 5
o 20F | | | 2 300
Q - }|| | | " I_F 5250 -
8 15: il | | |||| | |‘ <
- gl Rl
5 100 | LRIh L ||'||I |
2 10: ”IIIII |h ||| | li | ||| I II 5 5150 -
- ] | |
RN { Ly % IE TR 2o
U : il ;: 1t |’I ;u I l I l“ II l |i‘M i J! * 50 [
iy 0 Y A ) A B
0
w 0.5 10 1'1 12 1'3 14 L5 34 3425 345 3475 35 3525 355 3575 36 3625 3.65

AM (¢ = A) GeVie? M(ALK 1) GeV/e?
C
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Studies of 2. by LHCb e 2 oo (888

« LHCD searched for Ef, - ALK~ m* decay with 0.65 fb! of 7 TeV data
» N(AT) = 0.8 M, requiring high-p;
» No significant peaking structure observed with m € [3.3,3.8] GeV
> Experiment sensitivity strongly depends on Z, lifetime
o(E&)XBFEI A Kk T)

k= o(A)

< 0.013 fort =100 fs,

< 3.3x107*for t = 400 fs @95%
Increased by ~40 from 100 fs to 400 fs

10 g T T T T : : T T 3
= LHCb I —100fs —150fs —250fs J
SELEX chl —333fs  —400fs

—
[\
III

LHCb -
- sELExEZ| ]
10 I .

i MN‘ i Mﬂ“ |Wﬂc

4

Entries / (4 MeV/c?)

Upper limit on R at 95% CL

ik
400 500 600 700 800 ~200 500 500
om [MeV/c?] om [MeV/cZ]

dm = m([pK_nJ’]Aer_n“L) — m([pK_n“L]Azr) —m(K7)—m(n™)

17-18 July 2017 Heavy Hadron Spectroscopy (Yanxi ZHANG) 36



Studies of Z,.. by SELEX experiment (&5

« EX. o ATK m?
» Number of inclusive AY. signals: = 1650
» 15.9 signals over 6.1 £ 0.5 background candidates with significance of 6.3¢0
» Mass: m(E).) = 3519 + 2 MeV
» Lifetime: 7(E}.) < 33 fs @90% CL, but non zero lifetime

: o(EX)xBF(EX.-ATK mt
» Production: R = (Bc) (Bcc2A¢ )

~ 20%, much large than most model

o (A])
predictions of ~ 0.1%
+ B > pD*n”
» 5.62 signals over 1.38 + 0.18 > 3750 r—— S A —]
background candidates with 4.8¢ b S B E
> Mass: m(Z}.) = 3518 + 3 MeV ssof %5 9% oy o ° ]
» Confirms the observed small lifetime 2600 - SR S0 o o]
> A few percent of D* produced from ; 5505_ . SELEX 2}, . o
Ef. - pD ™ decay ]
3500 [T D‘ """""""""""" E
Combined mass: 3518.7 +1.7 MeV % . . . . . . .. . .
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Studies of .. by SELEX experiment ey

 SELEX (Fermilab E781) collides high energy hyperon beams (£7,p) with
nuclear targets, dedicated to study charm baryons
* Claims by SELEX (conferencereports)
» Evidence of lower mass £}, - AtK ™

https://www-selex.fnal.gov/
» Evidence of 21, » Ef ¥~ decay

M =~ 3.45 GeV EXF S Eintn
2 -+
ol Mass 3443 MeV/i: AK 3 L / 0 T ALLCHAN 1570
Data ~ cosB>-.6 L/c >1 8 b /01> SELEX Preliminary
351 Gake 7.4/16 7 E
3 Poisson Prob 6 ;—
25 <3.8x10° 5EF
4
1.5 3 u
2 i
1 F
0.5 0 - 1 1 1 1 I 1 1 1 1 1 | | | I 1 1 1 1
0 3.4 3.45 3.5 3.55 g.6
33 335 34 345 35 355 36 Mass E;n*n [GeV/c]
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Studies of Z,.. by SELEX experiment (&5

 SELEX (Fermilab E781) collides high energy hyperon beams (£7,p) with
nuclear targets, dedicated to study charm baryons
* Claims by SELEX (conferencereports)
» Evidence of lower mass £}, - AtK ™

https://www-selex.fnal.gov/
» Evidence of 21, » EX ¥~ decay

- = () ++ tpr— o+
» Evidence of E;/ - A¢K m"n™: three of them
2.25 5 . 3 2f R
1 Mass3460 MeV/® ALK 1w Mass 3541 MeV/c’ A KT & T T
2} 3 Data Lic> .25 10 | peak: 3780 MeV/c?
5| RIGHT-SION cos(B,) > -6 o8, *cos, < -25
. signal/\(back) 25 Poisson Prob " sig/bkg 31/31
P 71N9) =750 2 <5x10°
1.25 Poisson Prob signal/bkg
1 <10° 1.5 7.4/1.6
0.75 1
0.5
0.5
0.25|
0 3.6 3.7 3.8 3.9 4
. . . . . . . M(A. K n*n*) GeV/ic?
%5335 734 345 35 355 36 oo 33 34 345 35 35 36 (h; K ') Ge
M = 3.46 GeV M = 3.54 GeV M = 3.78 GeV
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Studies of Z,.. by SELEX experiment (&5

 SELEX (Fermilab E781) collides high energy hyperon beams (£7,p) with
nuclear targets, dedicated to study charm baryons

* Claims by SELEX: consistent spectroscopy

o o https://www-selex.fnal.gov/
AKn AKn'n
3800 °© c
3780 MeV (1/2)
A
3700
3600 337
MeV
{21 Mev 3_ L>0
T 541 MeV
3500 3520 Mev 1/2) 78
MeV
3443 M V<I>(;7/;)V 3460 MeV e
3400 ¢
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The machine learning ey

« At combined with PID-selected K~ m*m™ tracks to form £} candidates
* Candidates with cloned tracks are removed

* Multivariate selector further explores Bt > K ntn* AL (-pK~ ™)
» Decay fit quality
» Kinematics of final states
» 2T vertex separation from PV

L More sensitive to long lived particles

16 (1557 Signal (test sample) ||| | + Sighal (training sample) |
14 2" Background (test sample) | | » Background (training sample)_’]

:Kolmogorov-Smirnov test: signal (background) probability = 0.733 ( 0.29)

Selector optimized using simulated
decays for signals and a wrong-sign
control sample representing
backgrounds: £} - K ntn~ AL

12

(1/N) dN/ dx

10

'\N\\W\‘\N\L\\\N\* T

01 02 03 04 05 06 07 08 09

MVA selector
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Remove clone candidates

* Clone track pair has smaller angle

1400

1200 -
1000
8005
6003
4003
2003

, | = 8F T L
4500 T - 7TE 140 T
4000f ] 120F
3500F 3 6 100F
3000 - - F
2500 . 5 - MC 805'
2000f . C 29 60F
1500F 4 Slgnal sof
1000 — F
500 i 3 208
-1 0 PEPEPETE EPEPEPETE EFEE R BT R
0 - 2 E 0 001 002 003 004 005
S I R [ M
W E 1 L L | L 1 1 1
0
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Momentum scaling calibration S8

« Momentum scale calibratedusing J /Y - u*u~ and BT - J/YK™* decays,
validated using other hadrons

» Agree with know values at 0.03%

' ' ' [ ' ' I I ' ' [
Y(3S) - p' W | o LHCDb
Y2S) - ' w L :
T(AS) - ' w L.

B" - y2S)[u" w1K" i el

B" = Jjy[u' w1 K"t T "
B" — Jiy[u" w1 K* § .T
y(2S) - p' W E
yv(2S) s Iy T W o
JWy = pur w )
Ki—»>7n 1 * :
I L

-1 0 1

Decay mode
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ﬁlzgde]

Prospects

* Searching for Z1.F with more channels: Ef ¥,
Atnt,pDTK™n™*...

« Measurement of the Z}F lifetime

* Measurement of the production cross-section

* Confirming its spin-parity: %+

« Searching for its isospin partner £}, in a larger sample than the
previous measurement

* Searching for Q.

* Doubly heavy baryons with bottom quark: Z,., Qp., Zpp ..

* The excited states?

* And new systems for CP violations

A long list of programs
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