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Outline
'>Introduct|on e
e LHCb detector

> Observatlon of the Ece ¢ baryon

>Observatlon of the excited Q7 states
G [PRL 118 (2017) 182001]

=~ >Prospects _and summary’

. [PRL 119 (2017) 112001] =



Spectroscopy

> Spectroscopy coIIectlng and sorting energy levels
» An |nd|spensable procedure to elucidate the -

| underlylng dynamics offcomplex phenomena .
> Study of hadron spectroscopy can reveal propertles of

' strong interactions between quarks '




Quark model SU(3)

' ».Hadrons are composed of (invisible)
quarks (u,d, s)
» Mesons.(qq’) and baryons ¢qq'q'")
eare SU(3) multlplets

000

Numerous hadrons are well cIaSS|f|ed
and predictions confirmed
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" S_U_(4) quark fn’odel |

» When extended to (u, d, s, ¢) quarks, hadrons
form SU(4) multiplets

> AlC=0andC =1 ground states observed
> =2 baryons

"+ Isospin doublet: Hcc(c;cd) and o +(ccu)
~_*.. Isospin singlet: 27F.(ccs) .
..+ Three with J¥ = 1/2+ and three W|th 3/2+




Theoretlcal calculatlons of Ece

53 Many models calculated the massgg_ (non )relatlvistlc
QCD potential models, QCD sum rules, bag model ..

< m(E;r e (3.53 7)GeV mQt) ~m(E.) +0.1 GeV
-+ Mass spllttlng between _cc and _§c+ a few MeV. -
DA Fild-Ne[e Il V(=) ~3.6GeV, M(Qf)~3.7CGev [

. —_t
Predicted ..  mass

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

: _' : diquark &
- > Lifetime: TS ) r(_.cc

» T(EX) € (200 = 700) fs ‘ ' :

+ (L) € (50 ~250) fs




Experlmental results

> SELEX (Fermllab E781) collides high energX.hyperon beams’ (Z ,p). ;
with targets dedicated to study charm baryons

> Observed £ ErinEl, > Al Kyt and Efe o PDK™ decays

Events /2.5 [MeV/c?]

O = N W & O O N ®

Signal yields: 15.9 (A K m*)and 5.62 (pD*K™)
Short lifetime: 7(Z/.) < 33 fs @90% CL, but not zero
o(E&)XBFEL ALK ®Y)
(15 20%
Mass (combined): 3518.7 + 1. 7 MeV

Large production: R =

oy RSN JINI G P | B 628 (2005) 18
PRL 89 (2002) 112001 .

£

peak mass: 4-bin Poisson Prob
3516 MeV || - <6.4x10™ ¢
Hl Lic>10
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| Experiméntal results (cont.) - -
> SELEX (Fermllab E781) collides high energx_hyperon beams PIE ).
with targets dedicated to study charm baryons :

> Observed = ErinEl, > Al Kyt and Efe o PDK™ decays

. Slgnalylelds 15.9 (AfK ") and 5.62 (pD*K™)

« Short lifetime: 7(Z/,) < 33 fs @90% CL, but not zero
o(E¢)xBF(E{~AF Kt N

- a(4]) 0%
- » Mass (combined): 3518.7 + 1.7 MeV/c?

e Large production: R =

Comment on “First observation of doubly charmed baryon E_”

V.V.Kiselev* and A.K.Likhoded,
State Hesearch Center "Institute for High Energy Physics”
Protvino, Moscow region, 142280 Russia
Fax: +7-0967-744739

We speculate on a possible interpretation of events selected by the SELEX collaboration and
stress an insufficient evidence for the observation of doubly charmed baryon.

PACS numbers: 14.20.Lqg, 13.30.-a, 13.85.Ni
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No ewdence observed by FOCUS, BaBar, Belle, and LHCb




' ' " g = JINST3(2008) S08005
. The LHCb dEtECtor LIMPA 30 (2015) 1530022
- De5|gned for precision measurements in b C flavor sectors
Acceptance: 2 <1 <5
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'.ExceII‘eh't Vertex;_treeking’and hadron ID



LHCb data taklng

LHCb Integrated Hecurded Lummnsny in pp, 2010- 201?

-~ «1.1fb1in 2011 at 7 TeV 2012
JE c21fblin2012at8TeV =

1.7 fb1in 2016 at 13 TeV
°O9fb1 in 2017 at 13 TeV
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Sea‘rCh for = cc at LHCb JHEP 12 (2013) 090 -

-

> Search for & Er > AfK mt at7TeV, £ —&65 fb"1
« N(AY) = 0. 8'M, requmng high-p : |
* No sighificant peaking structurg observed in.the range ['3. 3,-3.'8] GeV -
. Experlment sensitivity strongly depends onthe = =t lifetime

A & |
0(Ed:) xBF B SALK m >< 1.5 %1072 for T = 100 fs, -

R B + .
- (A7)

YR L7 ol <39><104forr—400fs @95%.
Slgnlflcantly below the value given by SELEX than.
Sensitivity increased by ~40 from 100 fs to 400 fs
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.. Search for £, at LHCb (cont.)
> Planned in 2014 to make fuII $&%rch .
: Searchmg for both Ef,and £, with more decays .
* No progress due to Iack o] MC (tech |ssue) and
| manpower ' | '

> Analysis restarted |n the summer 2016
e Still focusmg on E ..,CC

> In a seminar by Fu- Sheng Yu in UCAS |n Dec 2016
(invited by Jibo), 5} = AXK " mtmt is Iabelled E

" *as the most promising channel |
* Owing to lofiger Ilfetlme of =zt and the large -

branchmg fraction
: e |
: 12



Search for the o A+K n t

.

>"Longer,|ifetime than Zt = hlgher?énsmwty at LHCb
> Decay: B(E( /1+K Tl'+1'l'+) ~ 10%, Af - pK y(
.+ F.-S.Yu, arXiv:1703. 09086

» Data sample: LHCb Run-Ii at /s = 13 TeV, ~1.7 fb 1

> Dedicated exclusive trlgger ensurlng hlgh efficiency, full event -
" reconstruction at ’trlgger level . ety |
~ »'Run-| data (2012) also anaIyzed for Cross- check

13



Preselectlons

> Huge hadronlc background expected : ,,A
> Online selection toselect clean A/ - pK t and

‘reasonably reject £;;" bagkground .
* Tracks with good track-fit quality, good PID and away from PV
- » Good vertices, Iarge decay length S|gn|f|cance large pt
*« Clone tracks removed *

> Loose offline preselectlon to remove obvious background

. .

Background strongly suppressed §
10% data for plot §

S [LHCb Preliminary
2016 Pr lddl

Primary Vertex T(A'(';) ~ 200 fs

(PV)

Candidates per 9 keV/c*

o,.~45 fs
60 M fully reconstructed

+ —_ 0+ A: ‘ , A 2
- 27 2280 2300 2320
AC pK L g nal decays pK't* mass [MeV/c?]




Multlvarlate anaIyS|s | |
» MVA used to further suppress background
> 10 k|nemat|c and topologlcal varlables as |nput |
> In the t_ralnlng and optimization JEcraEEl e A (o pK) |
¢ signals from simulation

e Background from wrong-5|gn (WS)‘
controI sample (A*K =)

'> FoM F(t) = e(t)/( B(t))

used to optlmlse the IVIVA cut
-~ .+ t:agiven MVAcut =
 €(t): signal efficiency
* B(t): expecteénumber of
background in the signal region’

¢ Background (training sample)
ov-Smirnov test: signal (background) probability = 0.733 ( 0.29)

(1/N) dN / dx I

02 03 04 0.5 06 07 08 0.9

¢ a=>5 a|m|ng at a d|scovery . _' MVA selector |




Mass spectrum after seIectlon | PRLI19(2017)112001

' > A S|gn|f|cant structure in right S|gnJBS) comblnatlons
at around 3620 MeV/c” . | .

> Not present in wrong sign (WS) comblnatlons

- » Not observed for Af sidebands candidates - |

".> Dlstrlbutlons similar except the peak in RS

W
Lh
-

LHCb 13 TeV

(o8
(@)

LHCDb 13 TeV
— Data RS

—+ Data WS ! N Signal
-+-Data SB : ¥ G 2 [[]]] Sideband

| \O B O]

Candidates per 10 MeV/c?

2300 2350

0E 2 X
3300 3400 3500 3600 3700 3800 m_, (A [MeV/c?]
m, (E:) [MeV/c?] e ‘




Fit to the peak structure. © ' pruito@inu00.

2 mcand(‘-'c-‘l_c-l_) — m(A+K 7T+7T+) mcand(/lc) + mPDG(c)

Default fit range: 3620 + 150 MeV/c

> Signal: DSCB function + Gaussmn
« Mass, yield and overall reSOIutlon free others fixed to S|mulat|on

> Bkg: 2" order Chebyclfev polynomlal

B\ parameters free ~

N, =313 £33

sig

m = 3621.80 + 0.72 MeV/c?
0 =6.63+0.82 MeV/c?

"~ Mass resolution consistent
with 5|mulat|on ’ | |

| Local. stat S|gn|f|cance S T
above120 . Mena(Zec) [MeV/c?] §




I\'/I"ass resuit' " : i P.RL119.(20.:17)1.12001;

. After correctlons to biases due to selectlon and

~ final-state radlatlon :

m(E5) = 3621.40 + 0. 72(stat) +0.27(syst) + 0. 14(/1+) MeV |
m(...c+) m(Al) = 1134.94 + 0. 72(stat) + 0.27(syst) MeV

e :Value consistent with many‘ =

: iias SRR theoretijcal calculations
Systematic uncertainties -
Source Value [ MeV/c?

Momentum-scale calibration 0.22
Selection bias correction 0.14

Unknown =1+ lifetime 0.06
Mass fit model 0.07

Sum of above in quadrature 0.27
A} mass uncertainty 0.14 :




Si'gnalproper"cieS: weakly décav

PRL119(2017)112001

>Peakmg structure remains sngnTﬁcant (> 120)
 after requiring minimum decay time £ > 50t

> Indeed a weak decayI

N B
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More checks ZD mass dlstrlbutlon
PRL119(2017)112001

> Slgnal candldates only present in T” 51gnal reglon
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MOre tEStS'Z Ru_,nQI data . T F"RL119(20',1.7)112001,

. .

b Slgnal peak presents in Run-I data S'ample W|th
sngnlflcance above 70 -

—
LHCb 8 TeV
—+ Data
— Total

L | HCb 8 TeV

— Data RS
—+ Data WS
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WA NGES - ATK-mrrt) = 113 + 21

Resolution: 6.6 + 1.4 MeV
OM(run LrunlIl) = 0.8 + 1.4 MeV

Consistent between S
two samples '




More checks: others =~ . .. ° | PRL119(2017)412001
1. Multlple candidates: not creating fake namw struture -
2.Checking combmatlons of tracks from AJr and =, : not peakmg
.3.MVA efficiency as a function of mass: very smooth

_4 Varymg MVA selector cut: structure stays S|gn|f|cant

5. Varying particle ID seIectld'hs no peaklng structure emerglng in
. WS combinations, structure stays in RS sample | |

6. Usmg a cut,based selection:
instead of using MVA,
requmng good vertex fit -

-+ quality, 7 vertex dlsplaced

and tracks are not produced

from PV: peak s&ificahce
>120 '

LHCb 13 TeV Cut-based

+ Data selection
— Total

---Background

Candidates per 5 MeV/c?
..

3600 3700 A
mcand(E:c-F) [M@V/ C2] 22°



Comparlon Wlth SELEX PRL11.9(2617)11200r

> Large mass dlfference |nconS|stent*w|th being i |sosp|n
partners -

m(E¢;

)LHCb VG5

( S el e = 103 2 MeV/C

> Productlon N(Hcc)/N(/lJr) much smaIIer in the LHCb

result

Candidates ber 10 MeV/c?

0
3300

LHCb 13 TeV LHCb = ++—Data RS _

-+ Data WS —
. a o -+-Data SB

e

103 MeV/ct

3400 3500 © @600 3700 3800

r—!++ 2 4
. m(Zcc) [MeV/C] 22



> Glovannl Passaleva LHCbZi—“A S s

- “The LHCb Chinese scientists playeaku-crucra? role in the

~ observation of the new partlcle They are being rewarded
fora long standing and h/ghly recogn/zed experlmental g
. effort. A group of Chinese theorists provided also
fundamental inputs to*drive the analvs:s to the rlqht |

_ dlrect/on and gave ' key suqqestlons to achieve thls result

> Vmcenzo Vagnoni, LHCb#JEE A A -

S Our Ch/nese colleagues have been very act/ve in the

i LHCb physrcs analysis.’ Thev ever plaved a Ieaqu role in .
the discovery of | pentaquark states in 2015 and this time
in the dlSCOVEI,Of EXr. lam /ook/ng forward to'their -

~continuous efforts on this exc:tmg topic m the future

7

*
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Highlighted by PRL :e.ditorsas_ ”Editc_ifs’ SuggeStion”..
Viewpoint: A Doubly Charming Particle

Raul A. Bricefio, Department of Physics, Old Dominion University, Norfolk, VA 23529, USA and Thomas Jefferson |§
| National Accelerator Facility, Newport News, VA 23606, USA

September 11, 2017 « Physics 10, 100

High-precision experiments at CERN find a new baryon containing two charm quarks.

doubly
charmed baryon

© © SLLELTTELS

anticharm quark

. - protn

down quark

APS/Alan Stonebraker

Figure 1: The LHCb Collaboration has provided evidence for a doubly charmed baryon called =%+ [1].

=ce

The baryon is formed when two charm quarks, produced in high-energy proton-proton collisions, join a
light quark. 25




Observatlon of excuted QO states

. [PRL 118 (2017) 182001]



. 0, bary’o-n's:

> Experlmental knowledge of charmed baryons is I|m|ted

» Only two (2:(css) states observed many others to be
filled in the table

> LHCb has great potentlal to study exated states of .fl
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"LHCb, PRL118 (2017) 182001"

Observatlon of exmted .(20 resonances :

> Data sample 3.3 fb of LHCb data.;.
~at7,8and 13TeV

> Decay.chaln:-.(lz*0 N o

| . 8 O pK~ nt

.« Mass spectrum studleJ up to 3450 MeV
> Clean = > pK wt S|gnals

* Cabibbo suppressed, but high selecti'on o
~ efficiency at LHCb  ~ |
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F|ve new .(20 resonances in 2} K : HEE*"

-'> Flve clear peaks observed! Lhch, gt (2917) sl i

* No peaks.in =} + sideband W|th K- combmatlon
nor wrong-sign.combifation = EcK™

- -
R e T

A possible 6" wider state,_feed-d_qwncontkibdtion;
. ﬂ*%O. --I+K— *
wec .

| L Ery (mlssmg)
. F|t quallty improved when
mcludmg a broad structure

- or multlple states around
3200 MeV.

A demonstration of the
#l power of precision!

LHCb

+EK

— Full fit

--- Background
Feed-downs

B = sidebands

Candidates / (1 MeV)
w _
S

o

E¢HK ™ threshold

3000 3100 3200 3300
m(ZYK") [MeV]




Five new .(20 resonances |n ek K‘ iy

LHCb, PBL118 (2617) 182001 '

> Not clear who is who

> Spin and parity need to,be determlned via 3- body
decays or decays from heavuer baryons 25

Nm.-.
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l 2:(3119)°
I(ID)Q 1(1D}Q (11)) ).Q (ID) 0 [ (3 09 0) 0

2.(3066)°
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Prospects

4 Full of opportunities and challenges in charm spectroscopy

> Determlne the =7, Ilfeturne Cross- sectlon and ]P
e Difficult to determme efficiencjes, p055|ble biases et
.~ * How to determme the JP? - i o :
> Other-decays of =, .f;rn*, /1Jr _+, pD+K (SRR
- . * BF'sand/or eff|C|enC|es smallér, and more data needed Hon
> The isospin partner-£/; and the 2/, -
* Lower efficiencies due to shorter I|fet|me : | :
"« Smaller production ratio for 2. * o iy
* + More data and more clever triggers/s'elections awaited |
~ » The excited s@es (singly or doubly charmed)? .
| . Detectlon power of Iow DT hadrons/photons to be |mproved
o |
L



| _ Prospects | |
> 8 fﬁ‘ expected by end of 2018 (ln,g_udmg '3 fb—1 Runl)

* Huge amount of open charms produced (and recorded?)

> Detector fully replaced im 2019- 2020 to achleve 50 fb e
~» More efficient and powerful < SRSy .

» Phase Il upgrade for 300 fb~1is on the way
~ '*. Toomake the |mp055|ble be possible

! & detector improvements :
Phase | upgrade Phase Il upgrade
L = 2-.1033 'L = 1-2-1034

Under construction Expression of interest

8 fb 1300 fo~ 17

Inputs from you are needed.



Summary' :

> ”The LHCb experlment is charmed E‘L announce

observatlon of a new particle with two heavy quarks

(LHCbQZ; ?ﬁ%""'#ﬁﬁﬂﬂgﬁi?) ——CERN press release -
2 Mass m = 3621.40+0.78 MeV/c |ncon5|stent with the |
=t reported by SELEX belng its isospin partner -

; ~*..New window opened for charm hadron spectroscopy studles

> Observatlon of five new exuted ﬂ**O resonances

“A%E&Wﬁﬁmq
/N > 180 LHCb 17 May 2016
ﬁij’ 75 *ﬁ | s ALKttt

Wﬁ%ﬁﬁ

| Thank you ~ B
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JINST 3 (2008) 'S08005
IIMPA 30 (2015) 1530022

.. The LHCb detector - -
4 \ertex Locator (vertex reconsruction) .
* Impact parameter resolution: 20um

* Decay time resolution: 45 fs (tz~1.5 ps)

Magnet Tagged mixed
o Tagged unmixed
— Fit mixed

Fit unmixed

—_
)
=¥

—

o

=

-~
W
3

<
o
. ]
=
(=
2]
Q

) R ’
o

pp collision =/ D New J. Phys. 15 (2013) 053021
point N | R E T4
\/ _;J_/ I i decay time [ps]

\/ / ;‘ " ——-F—HF—H--_-_—- ——F~'
‘) ———— Tracking system -
: ’**@5@ (particle reconstruction) H;‘[f
* €(Tracking)~96%
Bending power: 4Tm J° &p/p ~0.5%-1% (5-200 GeV)
: - co(mg_py) = 22 MeV




. Th_e LHCb d etector  inst3(2008) s0s005
o : i : : ' ' IJIMPA 30 (29'15) 1530022
RICH detectors (K /m /p separation) ' 2
* ¢(K » K)~95%
* Mis-ID e(r - K)~5%

w B P - (3]
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N BT Rk »
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o IrIgger 7
- : ~ . Comput. Phys..Commun. 208 35-42

. el . : :

Run IT Turbo stream:
Candidates reconstructed at trigger level

LO Hardware Trigger : 1 MHz

saved for offline analyses directly

High trigger efficiency for hadronic channels

~ 100
~ 90
80
70
60
50
40
30
20
10

Partial event reconstruction, select
displaced tracks/vertices and dimuons

%

>
Q
=
)
- -
2
=
84

Buffer events to disk, perform online
detector calibration and alignment, PID

N

Full offline-like event selection, mixture

of inclusive and exclusive triggers

0 20
pT( DY) [GeV/c]

12.5 kHz (0.6 GB/s) to storage, s

37



Slgnal propertles mtermedlate resonances
> K*(892)0 ¥ (2455)++, ¥ (2520)++ el PRL119(2ﬂ17)112001 :

> ++
<:d| Z -(2455) Vot

> C‘};ﬁ’z (2520)**
“ \

Candidates per 20 MeV/c?

Candidates per 10 MeV/c?

Candidates per 20 MeV/c?

3200 ] -10°7 2800
m(ATK ) [MeV/c?] m(Azm*) [MeV/c?] §




Lifetimes of 14" states S ﬁﬁl‘f}

D" 0.410 + 0.002
: o D} 0.500 + 0.007
Spectator model predicts almost equal lifetimes i 1040 £ 0.007
» True for bottom hadrons: 1.5 ps + 10% D;(B+) 0.507 & 0.009
> True for charm semi-leptonic decay width: A (cud) | 0.200 £0.006 P°
[(H, - lv,X) = 2212V 0.3 ps! =2 (esd) | 0.112 £ 0.012
TH, =F(csu) | 0.442 +0.026
« But charm hadron lifetimes known to vary a lot ¥ (ess) | 0.069 & 0.012

Explained by non-spectator decays and Pauli interference, qualitatively

C S C S
Spectator (I5) 4 '<W*(UJ) W-exchange (W) 4 IW* u

uls u/s U U

» Destructive/constructive interference (FS_/ "): cuq/csq = suq/ssq(ud)
» W -exchange process (enhancement): cdg — sugq
>T(EQLW + 1) >TAL:W +Ty) > T(EE:TS)

 Expectation: 7(E}F (ccu)) > t(E}.(ccd))

« Calculations give 7(EZF) € [ 200 — 700] fs Refs.[5, 6, 12 49-52]

39



Studies of Z.. by FOCUS e

« FOCUS (Fermilab E831) studies charm hadrons produced in photon-nuclear
fixed target collisions

« FOCUS didn’t confirm Z}. observed by SELEX in A K~ *decay

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

Decay Mode e P E | FOCUS: Sum of all E__ decay modes
Experiment FOCUS  SELEX 3
Sec Bvents <221Q90% 158 5
Reconstructed A, 119,444 £262 1650 | | o) oy oo
Relative Efficiency 5% 10% 5| | e
Bl <0.23%@90% 9.6% |
SELEX Rel 2 Prod 42.@90% T
Focus e ro > 0 I
3 I
« Other modes also studied: £}, - A*X, D°X ° : W [ |
D*X, no SELEX-like signal peak observed 1

=

40



Studies of .. by BaBar and Belle (&%

« ete™ colliders working at Y(4S) mass /s = 10.58 GeV
 Large A} yields: ~ 0.6 M at BaBar, ~ 0.8 M at Belle
« SELEX-like E}. signal not confirmed in £}, —» ALK~ decays

R = JEEXBEELATKTY 5 70 104 (BaBar) 1.5 x 10~* (Belle) @ 95% CL

a(A])

BaBar: PRD 74 (2006) 011103

AM (B}, — AY) GeVi/c?

50 |

N/‘\ L1 LA L AL I LA I AL AL L L L AL R L L AL LA B 450 F
> 250 v E
- | S
o 20 | | Hli 2o
S E || b ; m25° k

v 15: I il W ||||| | | | b

% 10: | ||. |"|||||"l|!|'| | " |||| “il ‘ 1 mzoo :
= — l i) 1 1
2 5 }# 1 g lel 7 lhl e g
8 5:— : .’IT i Ili.l li-'Mlllllllilll J! %* L f- g W100
Ty t) "_"?".':'.'TL. : » C C
%o 10 1.1 T2 13 14 15

Belle: PRL 97 (2006) 162001

SELEX =1,
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Q59 results

Resonance Mass (MeV) I' MeV) Yield N,
Q.(3000)° 3000.4 + 0.2 +0.1153 45+0.6+0.3 1300 + 100 + 80 20.4
Q.(3050)° 3050.2+0.1 £0.1393 0.8+0.2+0.1 970 + 60 + 20 20.4
<1.2 MeV, 95% C.L.
Q,(3066)° 3065.6 = 0.1 + 03753 3.5+0.4+0.2 1740 + 100 + 50 23.9
Q.(3090)° 3090.2 + 0.3 + 0.5773 8.7+1.0+0.8 2000 + 140 + 130 21.1
Q.(3119)° 3119.1 4+ 0.3 +0.9%03 1.1+08+0.4 480 + 70 + 30 10.4
<2.6 MeV, 95% C.L.
Q.(3188)° 3188 +5+13 60+ 15+ 11 1670 + 450 + 360
Q.(3066)Y; 700 + 40 =+ 140
Q.(3090); 220 + 60 + 90
190 + 70 + 20

Q.(3119)}
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More results from SELEX (unpublished)

« Double charm is here to stay

* Selex has seen 3 double charmed baryon states in 3, 1 and 2 decay
modes.

* = _"(3520) seen decaying into three different single charm states.
* E_"(3780) excited state shows chain decay via pion emission.

* E_T(3452) ground state observed in two different decay modes.

Splitting is too large (67 MeV) for this state to sensibly be the isospin
partner of the E_""(3519) . Radiative decays are suppressed?

* This logic requires at least two more weakly decaying states, the
isospin partners of the E_*"(3452) ground state and the partner of the

EM decay suppressed E_(3519).
* Selex has some hints of these but makes no claims now.
* No report yet on the third double charm baryon, the Q_.*(ccs)
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