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Outline

* Introduction and physics motivation

« LHCb observation of doubly charmed baryon /.

* Summary
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The doubly charm baryons e

+
 Two SU(4) baryon 20-plets with J© = 2 and JP = g each contains a SU(3)
triplet with two charm quarks: Z}.(ccd), X (ccu), Qf.(ccs)

+ +
o JP = g expected to decay to% states via strong/electromagnetic interaction
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Masses PRe

« Many models have been applied to determine masses of ground state and
excitations: (non-) relativistic QCD potential models, bag model or quark
model ...

> Predicted M(E2™™) € [3.5,3.7GeV] , M(Q},) =~ M(E,.) + 0.1 GeV
> M((EFXT) ~ M(E}.) due to u, d symmetry
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« Lattice QCD computations: Refs.[1-30]

M(E.) ~ 3.6 GeV, M(Q}.) ~ 3.7 GeV Refs.[31-46]
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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 Z}.(ccd) inE}, - AfK nt and E}. - pD*K~ decays

> Signal yields: 15.9 (AfK~n*)and 5.62 (pDTK™)
> Short lifetime: 7(£},) < 33 fs @90% CL, but not zero
. E+—) +
» Large production: R = o ;(EA‘@CX) ~ 20%
» Mass (combined): 3518.7 + 1.7 MeV
Ele = AZK™TTY PRI 89 (2002) 112001 Ef. > pDYK~  PLB 628 (2005) 18
IS pD'K
N: 8 - % 4 peak mass: ] 4-bin Poisson Prob
> T7r Sas  3516Mev || <64x10"
= 6 - g s | Lic>10
n
__ql: 5 - 25
@ 4 -
c 2
23 -
w 2 i 15
1 _I.J 1
0 1 1 1 i 0.5
- 3.42 3.47 3.52 3.57 3.62

%46 348 35 352 354 356 3.58
M(p D" K)
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Studies of .. by SELEX experiment 5§

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

« Observed Z}.(ccd) inE}, - AfK nt and E}. - pD*K~ decays
> Signal yields: 15.9 (AfK~n*)and 5.62 (pDTK™)
> Short lifetime: 7(£},) < 33 fs @90% CL, but not zero

. E+ +
» Large production:r = o ;C(;A)"‘X) ~ 20%

» Mass (combined): 3518.7 + 1.7 MeV

Very puzzling

~ 3750 T e e
g - Predicted =, ' mass O .
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:D O 0O 0 O O O . O]

3600 o Yo .

E —_t o0 E

3550 F SELEX EC, - - =
i — —
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LHCb experiment e

JINST 3 (2008) S08005
. . : IIMPA 30 (2015) 1530022
Aiming for precision measurements in b, ¢ flavor sectors

Acceptance: 2 <n <5

gcap HCAL Ma M5
SPD/PS M3

Magnet &
250 mrad

,. "’ﬂmcm
i Ac I
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Searching for X (ccu) )

« Expected to have longer lifetime than 27, higher sensitivity at LHCb
« Decay: X —» AT K~ n*n™, branching fraction up to 10% Refs. [56]

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

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

> Run | data (2012) also analyzed for cross-check

= ++ + - +_+ LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2017
Eee 2N K nhm
u > > u
c > c AT
(&
=++ 7
“ce

LS

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

I \ | | i i |
2010 2011 2012 2013 2014 2015 2016 2017

Integrated Recorded Luminosity (1/fb)
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Candidate selection e

e Z.. cross-section much smaller (~ x 10™°) than inelastic cross-section in pp
collisions, expecting large hadronic backgrounds Refs.[5, 53-56]
« At > pKnt:
> p,K~, " tracks: positive particle ID, not produced from primary vertices
> A% good vertex quality, separated from primary vertices
»p, K~, ™" tracks and AL have large py

Strongly suppressing the backgrounds .
X
Cj&).. 45 g_ ILHICb [I’relilminlary
E;"C‘F - K_T[+T[+A-g(—> pK_T[+) E 40 E_ i(;lipgi'iajed data
o 35 E_ Signal: 6 million
Q. - 10% data for plot
o 25F
(A7) = 200 fs S 20F
o,~45 fs S I5E
S 10E
60 M fully reconstructed .

At - pK~nt signal decays 2260 2280 2300 2320
pK mtt mass [MeV/c“]
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The machine learning e

« AY combined with PID-selected K~ m*n* tracks to form Z/;F candidates
« Multivariate selector further explores

» Decay fit quality 24t 5 K ntnt At (- pK~nt)
» Kinematics of final states
> 231 vertex separation from PV pA
<'»CV>
. : : PV
O More sensitive to long lived particles
16 55 Signal (test sample) | || | ' Sighal (tralning sample) |

-t
F =Y

?@ Background (test sample) ¢ Background (training sample)_T]
Se|eCtOr Optl mlzed US| ng SI mu Iated :Kolmogorov-Smirnov test: signal (background) probability = 0.733 ( 0.29) N
decays for signals and a wrong-sign
control sample representing

backgrounds: EXF - K~ntn~ Al

-
N

(1/N) dN / dx
AN LU RSN

10

0 ki (ainlo] Py 4= = o, . g
01 02 03 04 05 06 07 08 0.9

MVA selector
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ATK -t mass spectrum e

- Asignificant structure in right sign (RS) combinations ~ PRL119(2017) 112001

 Not present in wrong sign (WS) combinations e :
] > %% LHCb 13 TeV E
« Not observed for A7 background candidates Pt
% 600 E_ [[T]] Sideband _E
2 500F E
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= ) f  —DataRS )/ \ 3 " 2300 N 23|5(§:
» 50 T Data WS : ! n Meyng(AD) [MeV/c?]
g“ 200 :_ "?'Data SB |' ! 1 : .
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:g N “ - 4’ " +‘
;_éi 150:_ i _ir\ Tl II'- _:
- H HP L i ] A AT
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More teStS EXt > K ntntAl (- pK—nt) %

=-cc

« Signal candidates only present in A} signal region
PRL 119 (2017) 112001
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Signal yield Kish

« Studying Af-mass corrected mass: meana(EéH) = m(AFK %) — m(A}) + mppg (AT)
» Signal yield: 313 + 33
» Resolution: 6.6 + 0.8 MeV, consistent with simulated value

» Local significance > 120 PRL 119 (2017) 112001
Vg o T T 3
> '°“F LHCb 13 TeV 5
“2) 160 E
v 140 F —+ Data E
5) - — Total :
S 120 Signal | + -
£ 100 ---Background + B :
ER Loy I
S 60f | Jr n oo :

40 1 I ']' E

20 ‘ 3

0 s ! I 4 - L Lo I“‘; L 1 . | , .
3500 3600 3700

m cand(E :c-l—) [MGV/ C 2]
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Mass measurement

m(ZF) = 3621.40 + 0.72(stat) + 0.27(syst) + 0.14(A}) MeV

m(E:") —m(A7) =

1134.94 4+ 0.72(stat) £ 0.27(syst) MeV

Value consistent with many theoretical calculations

> 3750

O

= 3700
3650
3600
3550
3500

3450
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Run I da‘ta EXF s> K ntntAl (- pK—n™) %

=-cc

« Signal peak presents in run | data sample with significance > 7o
PRL 119 (2017) 112001 PRL 119 (2017) 112001
L I L LR o} — T T T T T ']

R L % oL A AL
> 1200 LHCb 8 TeV 1 > 7°F LHCb8TeV E
E 100F  _pataRS E 0 3 +?a1t:al . E
= T +Data WS . 5 s50p — lota =
2 80F . Data SB 4 > F Signal :
s - X £ 40F ---Background a
"g 60 i b it = = - !
5 f 4 8 30f [ ' + =
=) B B < __;-_
8 40 :_ ] © 20§ i +

a5 . 10F

0 ) .I ML R R R B P DY A P B

3300 3400 3500 3600 3700 3800 3500 3600 3700

= =t +
m., (Ee) [MeV/c?] m_, 4(Ee) [MeV/c?]

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

SM(run I, runll) = 0.8 + 1.4 MeV
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It is a weak decay e

* Peaking structure remains significant (> 12¢) after requiring minimum

decay time, t > 50;. It is indeed a weak decay.
PRL 119 (2017) 112001

I
LHCb 13 TeV
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CLHCP (22/12/2017) 16



Comparison with SELEX e

« Large mass difference: m(Z2), yep, — M(EZ) s ex = 103 + 2 MeV

> Inconsistent with being isospin partners Refs. [46-48]

 Production: N(Z..)/N(A%) much smaller in LHCb result

PRL 119 (2017) 112001

§, 350 T =
S - LHCb 13 TeV .
2 300 E
S 250 —DataRS E
;)."_ 200 ;_ ~+Data WS i
D n | .
< - H
S 150 SELEX 1] 3
= : |, e T .
O 100 T =
- bt - .
50 il I =
0 F PR S R R N S S R R I. PR R R K S AT N WA S SR S R E
3300 3400 3500 3600 . 3700 35?00
M q(Xe) [MeV/c?]

CLHCP (22/12/2017) 17



The “news”

WE s s Py yatess A
[T ————— S b~ -

physicsworld.com ——

e Thop Bmwet g Teri oy

o~
PhySICS amour ssowss saess couscnons

Viewpoint: A Doubly Charming Particle N Pt Gously Gharmed Daryon seoied
= . ) = LHCb announces a charming new by LHC

LEX a0, Oepertoert of ey, O8d Domindon Lwiweryty, Morad, WA 23524, USA and Thomm Jeflerson A . " R, =

N e Ty e, 3. , particle

RS g et 30 CHRM W 8 e b i Gt g T b g b

The Xews Ylerk Tones

CERN Physicists Find a Particle With a Double Dose of Charm

CERN Physicists Confirm Existence
of Doubly Charmed Baryons

25 vy Sow S/ Somace

o Prvvions | Som s e o

kbt T LR (Lange Hadron ColSder Seauny) collaberscian v CERNx Largs
fhcnsa Tadren Cellkder e Swicamiund han reporned the shaervacion of » doubdy

<57 charmed purcicie. The parvicie. calied e 1, I & baryon consal aing tve
':_'_" charw guarks end wae up qark
e

L aen
CCTV/com ma "

RERFERLERRNFLE T NENT

W C RE RN TR (R < umew

BEN- MENEFSYArIRF

SIN AR (SRNAX 3
L LN FAGUSANLEARRET. QRO NNIRLS.
FRANSSE (2RF RN

RRE

LA D oA
NS, WOSE fO3
BHY. BTRER, TEMNYERERRNT = "
TRUL DESYRARFEANTEON, EZARSEFEAN TR (RN
N-TORE (LR . BNTEOLA

BENSMBNTEART, HARRY,
QIAMNYSE,

ARPH. nFARNES
SEREANART AN W

CLHCP (22/12/2017) 18



Summary (S

« LHCb observed the £} (ccu) state in the ALK ~n ™ decay

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

» Opens new window for heavy flavour studies

PRL 119 (2017) 112001

« Stay tuned for 2 180F [HCb 13 Tev

upcoming results: 2100 e 5
140 | T -
5 F —Total ]
] ) 2120 Signal E
> Searching for Z} with more 100 ---Background I

channels: S 80F
<
Efnt, Alnt,pDTK nt ... ©

> Measurement of the £+ ‘2‘3 . E
: 3500 3600 3700
> Ig/rlc?:\:ireecrtr;irr]]t of the production m. (2 [MeV/e]
Thank you
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Backup slides
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.. Spectroscopy
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Studies of .. by SELEX experiment 5§

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

o(E Y )xBF(EE ALK tH)

> Production: R = ~ 20%, much large than most model

a(Af)
predictions of ~ 0.1%
« B > pDTnm~
» 5.62 signals over 1.38 + 0.18 > 3 e ed = s ]
background candidates with 4.8¢ ] B E
> Mass: m(E7,) = 3518 + 3 MeV wob o °0 o @
» Confirms the observed small lifetime 2600 Y oo g TP b o]
> A few percent of D* produced from 35505_ . SELEX EZ, oo
Er. - pD*n~ decay S~ N —
3500 f--nnnoeeeanneeee o s
Combined mass: 3518.7 +1.7 MeV & . . . . . .,
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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
 Claims by SELEX (conference reports)

: =+ +r—t
» Evidence of lower mass £}, - ATK ™« https://www-selex.fnal.gov/
> Evidence of £}, -» Efn*n~ decay

M =~ 3.45 GeV 2t o BEintn
Mass 3443 MeV/c? A: K n' - TALTCRAR 7
4 . - '
Data cosO;>-.6 L/io>1 8 b L1/ 01>0 SELEX Preliminary
351 Gobke 7.4/16 7 F
3 Poisson Prob 6 z—
25 <38x10° 5F
4t
1.5 3 - ||
2 -
1F
0-5 0 1 1 1 1 | 1 1 1 1 1 1 1 1 | 1 1 1 1
0 3.4 3.45 3.5 3.55 3.6
33 335 34 345 35 355 36 Mass =in'n" [Ge 7
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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

 Claims by SELEX (conference reports)

: o+ +pr— o+
> Evidence of £}, -» Efn*n~ decay
. ™ * ++ —_— .
» Evidence of agc) - AfK~n*n*: three of them
§ 12r ARG
2255 Mass3460MeViE A K 1 n' Mass 3541 MeV/c’ AKX T & AR mom
2 3 . Data Lic> 25 10 - peak: 3780 MeV/c?
1.75 : RIGHT-SIGN COS(GK*) >-6 COSBK*COSGA <-25
signal/\(back) 25 Poisson Prob 81 sig/bkg31/31 |1
1.5 -5
7.1N(.9) = 7.5¢ 2 <5x107
1.25 Poisson Prob signal/bkg
1 <10° 1.5 7.4/1.6
05" iy
r 0.5 I
025" il §
0 34 35 36 37 38 39 4
0.l 33 335 34 345 35 355 3.6 M(A, K n°1*) GeVic?
33 335 34 345 35 355 36
M = 3.46 GeV M = 3.54 GeV M = 3.78 GeV
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Studies of =.. by SELEX experiment

Rish

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

 Claims by SELEX: consistent spectroscopy

CLHCP (22/12/2017)
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Studies of =.. by FOCUS

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

« FOCUS didn’t confirm 7. observed by SELEX in Af K~ m*decay

Decay Mode

Experiment
= Bvents

Relative Efﬁmency
S Aoy

SELEX _Cp
TOOTS Rel Prod

B —s AT K-t
FOCUS  SELEX 3
<221@90%  15. 8

5% 10%
<0.23% @90% 9.6%

>42 @ 90%

« Other modes also studied: £}. - At X, D°X
D*X, no SELEX-like signal peak observed

CLHCP (22/12/2017)

Event l 4 MeV/c?

8

SS

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

FOCUS: Sum of all E__ decay modes

|
| SELEX =

HI

M (Ecc) GeV/e
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Studies of Z... by BaBar and Belle )

« e*e™ 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 £} signal not confirmed in £}, - ALK ~n* decays

R =2 cc)xBF:(Zc;A”‘”+> < 2.7 x107* (BaBar) 1.5 x 10~* (Belle) @ 95% CL

BaBar: PRD 74 (2006) 011103 Belle: PRL 97 (2006) 162001
~ g————————————————————————— 450 T T T T T T
S < F | 400 |
R SELEX =} 4 350 |
= ce | . S
o 20 | H 2300
e T E | | F 2 4 |
3 15 el itelis
“ o |\
A SR B -
g 10F | 'l '|'||.”"":'!'|,'i il I |||| 220 | SELEX =7,
5 - |‘|||||||||I| h L |I| 1150 L . E o I
R } 7 H|.|'~'| I g 'f {100 |
6 5:— : |i ‘ ‘ |.| II. m i.'j-‘i”"ll Iid J' i I
+U .'\ll \Ilulull 50 = I
+U I_H'. midiis L L N 1 1 L l
I 0 L !
LA TN 1' NN 34 3425 3.45 3475 3.5 3.525 3.55 3575 3.6 3.625 3.65

+ 2
AM(Ec: — Ac) GeVie M(AYK 1% GeV/c?
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Studies of Eg_c by LHCb JHEP 12 (2013) 090 %

« LHCb searched for £}, —» A*K~n* decay with 0.65 fbl of 7 TeV data
> N(AY) =~ 0.8 M, requiring high-py
» No significant peaking structure observed with m € [3.3, 3.8] GeV
> Experiment sensitivity strongly depends on Z7. lifetime
o(E¢)XBF(E¢~A{K~nh)

k= o(AD)

< 0.013 for T = 100 fs,
<33%x10"%fort =400fs @95%

Increased by ~40 from 100 fs to 400 fs

10 g : ' | ' ' T T 3
§ LHCb —100fs —150fs —250fs 3

SELEX Eg'cl —333fs —400fs

[
[\
T

LHCb
SELEX =2 | .

ol

S
T

2

(]
IIIIIIII LI
IIIIIII| 1 1

Entries / (4 MeV/c?)

Upper limit on R at 95% CL

L

| = 1 |
400 500 600 700 800 ) 400 600 800
dm [MeV/c?] dm [MeV/c]

dm = m([pK‘nJ“]AELK‘nJ“) — m([pK"nJ“]AEL) —m(K~™) —m(n")

[
<
=
IIII
|

—
<
[¥%)
T T IllIllI T
Lill 1 1 IIIIIII 1
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LHCb experiment e

« Since Z,. states are not stable, not available around us, we need to produce
them before studying their properties.

LHCb produces them in proton-proton collisions
» Small cross-section: 0(Z,.) ~ 1ub or 1 in 10° pp collisions, huge backgrounds

doubly
charmed baryon

@ charm quark

o@@ﬂ :
S {3 — anticharm quark

S
S
S

up quark

ch

Many different ways of transformations with weak decay, LHCb uses Z;;" —

AtK~ntn™ to search for 2} (AL: cud)
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Fitting the mass peak e

« Studying Af-mass corrected mass: meana(EéH) = m(AFK %) — m(A}) + mppg (AT)
» Signal yield: 313 + 33
» Resolution: 6.6 + 0.8 MeV, consistent with simulated value
» Local significance > 120 arXiv: 1707.01621

m(ZF) = 3621.40 + 0.72(stat) £+ 0.27(syst) + 0.14(Af) MeV
m(ET) — m(AL) = 1134.94 + 0.72(stat) + 0.27(syst) MeV

Systematic uncertainties

Source Value [ MeV/c?]
Momentum-scale calibration 0.22
Selection bias correction 0.14
Unknown =171 lifetime 0.06
Mass fit model 0.07
Sum of above in quadrature 0.27
AT mass uncertainty 0.14
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More tEStS EXF s> K ntntAl (- pK—n™) %

1. Multiple candidates: not creating fake narrow structure
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More teStS EXF s> K ntntAl (- pK—n™) %

1. Multiple candidates: not creating fake narrow structure
2. Checking combinations of tracks from AL and £} : not peaking
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More teStS B 2 K n ntAL(- pK™ ™) %

=cc

1. Multiple candidates: not creating fake narrow structure
2. Checking combinations of tracks from AL and £} : not peaking

3. MVA efficiency as a function of mass: very smooth
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More teStS B 2 K n ntAL(- pK™ ™) %

=cc

1. Multiple candidates: not creating fake narrow structure
2. Checking combinations of tracks from AL and £} : not peaking

3. MVA efficiency as a function of mass: very smooth
4. Varying threshold value of MVA selector: structure stays significant
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More teStS B> K ntntAL (- pK—nt) %

=cc

1. Multiple candidates: not creating fake narrow structure

2. Checking combinations of tracks from AL and £} : 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 1D selections: no peaking structure emerging in WS
combinations, structure stays in RS sample



More teStS B 2 K n ntAL(- pK™ ™) %

=cc

1. Multiple candidates: not creating fake narrow structure

2. Checking combinations of tracks from AL and £} : 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 1D selections: no peaking structure emerging in WS

combinations, structure stays in RS sample arXiv: 1707.01621
« L e L
6. Using a cut based selection instead of % 160 LHCb 13 TeV =
using MVA, requiring good vertex fit = 140F _ pua Cut-based 3
quality, ZXF vertex displaced and 5 120F —Total selection ]
: o i Signal
tracks are n_ot produced from PV: £100E  pokoround
peak significance > 120 S gof
e C
5 60f
4o T
20F e
0 T T SR T S
3500 3600 3700

m, (E) [MeV/c?]
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Signal properties

« Intermediate resonances: K*(892)°,2.(2455)**,2.(2520)**

Candidates per 20 MeV/c?2

Candidates per 20 MeV/c2

CLHCP (22/12/2017)
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Prospects e

« Searching for 1. with more channels:
=rnt, Alnt,pDYK n*...

« Measurement of the . lifetime

« Measurement of the production cross-section

« Confirming its spin-parity: 1%

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

« Searching for Q.

* Doubly heavy baryons with bottom quark: =,., Qp., Zpp ...
 The excited states?

* And new systems for CP violations

A long list of programs
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