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 Overview of LHCb detector

* Introduction and history

* Observation of doubly charmed
baryon Z1F: arXiv:1707.01621

e Plans for the future

* Summary
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Main challenges in hadron - :

Aiming for precision measurementsin b and c flavor physics
spectroscopy include hadronic 5 P phy

background and particle mis-ID Single forward arm detector covering2 <n <5
LHCb is well equipped to handle both! EcaL HCAL M4 MS

SPD/PS M3 e
VErtex LOcator (VELO): RICH2 M|

» Vertex reconstruction
» Impact parameter resolution: 20 um

| p ! N
> Decay time resolution: 45 fs ek /I 7 \
» Allows identification of weak decays A Il ! "

RICH sub-detectors: e 100/ 0. 11 HEBRI
> K/m/p separation ' SRS ‘
» €(K— K)~95% with e(r — K)~5%
» €(p = p)~95% with e(r — p)~5%
» Effectively distinguish K and p from

<\
\ 250 mrad

Tracking system:

» €(Tracking)~96%

» 6p/p~0.5-1% (5-200 GeV)

» Easily separate neighboring structures

\ 4

The LHCb Detector at the LHC 2008 JINST 3 SO8005
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* Constituent-quark model predicts 3 SU(3) triplets with C=2; O} _.(ccs), E1.(ccd), E}F(ccu

» Excited decay to ground states via strong/electromagnetic interactions

* Ground states decay weakly with a charm quark transitioning into lighter quarks

(QQq) baryons are not exotic —
predicted by SM

No unambiguous evidence for doubly
charmed baryons before 2017

=.c are the lightest doubly
heavy baryon

E.c offered best chance of
discovery;

a(cc,cc) >> a(bb, cc) >> a(bb, bb)

SU(4) flavor multiplets, PDG Review of Particle Physics, Phys.Rev. D86, 010001.
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* Many models been applied to determine masses of ground
state and excitations: QCD sum rules, (non-)relativistic QCD
potential models, etc

w
e
* Most agree E}. and E}' states between 3.5 - 3.7 GeV \@ -
e / di-quark

and Ot (ccs) = =..+0.1 GeV
cclccs) cc * Mass splitting between

> 3750 t+ ot Great for testing HQET where
é’ 37005 Predicted Z..  mass O . “CC/‘-‘CC IS Onlya few two ¢ quarks considered as
il ST TomTTmommommmmees - .
) E o o ° g -] MeV due to approximate heavydi-quarkand baryonis
— (| —] . .
SO0 ™ o B Isospin symmetry similar to heavy meson Qq
3600 7 © J % oeg =
: 0O ]
3550 | ] S 3 e« Recent lattice QCD computations:
- N o ] o=t ot A +\ ~
35005_ _____________ é]__-----_______---lzl ----- I;I ______ _E m(l:CC/:JCC ) ~ 3-6 GeV’ m(QCC) ~~ 3-7 GeV
3450 T L -
7(27.) € 50-250 fs All references

+ Lifetimes: expect 7(87) >> (%) > 1(0f) << T(EEH) €200700fs | propr e

+ 1\ ~ =+
. T(Q¢c) = T(Ege
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* SELEX, a fixed-target Fermilab experiment, claimed first
observation of 5. statein £}, — A} K n* decays in 2002 £

2

* Followed by a confirmation in D*p™ K "mode in 2004: 5

> At K~m™:15.9 signals over 6.1 bkg (6.30)
> D¥Tpt K~:5.62 signals over 1.38 bkg (4.80)

 Unexpected properties of this observation:
» Shortlifetime: 7 <33 fs at 90% C.L. (Strongdecay?)

» Large production of A¥ with 20% from =7 decays

* Main problem with SELEX findings; never reproduced by other groups

Unique production environment:

ﬁlzgde]

> Hyperon beam is admixtureof X, p*, m~ and target was Cu/diamond

» Production cross-section could be much different than in p-p colliders
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A K nttand D' pK

7 _ fitted masses: J 3518(3) and 3519(2)
i MeV/c?

6
. _
3l
2 T
1 — 1 /H" /\ 1 H
%46 348 35 352 354 356 3.58

M(ccd)

SELEX AT K m*and

D*p* K ~distributions superposed
Phys.Lett. B628 (2005) 18-24

Combined mass:
3518.7 + 1.7(stat) MeV/c?
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In 2013, LHCb searched for 2. - AT Kt sm = m(AfKr) — m(AE) — m(K) —
decays with 0.65 fb~! of 2011 data

-----------------------

. , %: - sELEX =2 |
Initial SELEX mode with a large expected BF = I
= W I
Examined mass range 3.3-3.8 GeV but found no g s { ’N ”
evidence of Z}. production a4 Wﬁ WW Mw
2
. e, ,;.+
Experiment sensitivity strongly dependson 2. 0 400} : S(ﬁ L 60(+). i o Hi
lifetime however JHEP 12 (2013) 09 O™ MeV/€?]
=+ =+ + pr— 7t i
R _ O'(HCC)XBF(HCC —>AC K 1 ) = 10 ; .LHC-b - : i T _2.50f5§
O—(Az") Zi SELEX chl —333fs 400fs .
R < 0.013 for 7(Z/.) = 100fs =
R<3.3x 107* for7(E}.) = 400fs e
Due to limited sensitivity at short lifetimes, this non- §

observation is not inconsistent with the SELEX claim 400 600 800
Odm [MeV/c7]
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: Lo —_ . =tk + St SN
Searching for 257 —» AT K~ ™n™ decays: theorists ” BIF - ALK Tmtmt
suggest BF could as high as ~10%, see arXiv:1703.09086 c - —=——= A+

=+ "d_\,,n.+
el J A
T(i‘a;rc+) >> T(:‘.Zrc); GC+C+ travels further from PV making l < & o
i i 1 — ++ =i - ~_ > - 8
onlineselection better at observing Z;." state R
W+ e d &
RECOnStrU Ct A-IC_ th rOugh p+K_T[+ flnal State LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2017

i Xiv:1412.6352
Analysis strategy: arXiv:14126352 .,

Use ~1.7 fb~1 2016 Run2 data at /s = 13 TeV

éLs1 -
Dedicated exclusive trigger ensuring high efficiency I B

« 2017 (6.5TeV):0.21/fb |
« 2016 (6.5 TeV): 1.67 /fb

2015 (6.5 TeV): 0.33 /fb
« 2012(4.0 TeV):2.08 /tb |
« 2011 (35TeV):1.11 /b
: , _ 2010 (3.5 TeV): 0.04 /fb

I i i I i | |

010 2011 2012 2013 2014 2015 2016 2017

HF@LHC Durham M.Traill (Glasgow) 8/19

Full event reconstruction done at trigger level

Integrated Recorded Luminosity (1/fb)
w

2 fb~1 2012 Run1 data also analysed to check results
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« ZXF cross-section much smaller (~x107°) than inelastic cross-section in pp so expecting
large hadronicbackgrounds

LHCb has some of largest charm data sets in the world
+ o(pp—~>ccX; 13TeV) LHCb =2369+3 + 192 (b JHEP 1603 (2016) 159

* Expect high-puresample of AL » p* K™ m
60 M fully reconstructed
At - p* K™n™ signal decays

AT - p* K~ n™ selection: <10
N§ 45 LHCbPreliImjnary | |
— ... . 2016 Prescaled data 10%
« p*, K7, m*tracks: positive particle IDand 8 40F A >R data for o
. . N Signal: 6 million ata OrpOt
not produced from primary vertices ™ 35
Q30
n : 2 25
* A7: good vertex quality, separated from = 50
. . =]
primary vertices g 15
=
&S 10
+ .+ - ot
* A7, p7, K7, ™ tracks must have large pr 5
0

2260 2280 2300 2320
pK Tt mass [MeV/c?]
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* AL combined with PID-selected K~ "7 " tracks to form £ .* candidates
* Candidates with cloned tracks are removed

- _ _ * Multivariate selector further explores:
EXF > K ntntAL (pt K~ n™) | | e .p

» Decay Fit quality of /. candidates
T(AY) ~ 200 fs T

t > Kinematics of final states
O't(A-CIv_) ~ 45 fs

K- > EX* vertex separation from PV
K . Neural-network selector trained on
p simulated signal and un-physical wrong-
Tt sign (WS) data represented background as:

=++ + qr— ot
Eee DA K m'm
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A30FT T T T T T T T T T T T T T T T T T T T T
§ = LHCDbH 13 TeV arXiv: 1707.01621 J* A significant structure in right sign (RS) data
Q 300__ —]
E -  DataRS 1 Not presentin wrong sign (WS) combinations
E 250 | Data WS ¢ Not observed for AL background candidates
2 5noF -+DataSB : . . :
5 - : * Distributionssimilar except the peak in RS
< N H
© 150 F 4 B T i c
T F 34 ] > zﬁi ey arXiv: 1707.01621 3
< - o - p= . E
@ 100:_ Clearstructure G 700F - Rgsignal E
50:_ visible at ] gg%: [T Sideband
- ~3620 MeV! 3 -
ob— v b b b T 5 3002_
3300 3400 3500 3600 3700 3800 200
—++ : :
mcand(':'cc)[MeV/Cz_ 108—||| | [ RO 413
mcand(‘?‘g-c-l_) — m(A'gK_n"') _ m(A-g) + mPDG(Az) 2250 2300 2350

m_, (A7) [MeV/c?]
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Signal yield =313 + 33
Resolution = 6.6 + 0.8 MeV
(consistent with expected

detector resolution)

Local significance> 120

HF@LHC Durham

Candidates per 5 MeV/c?

180
160
140
120
100

80

60

40 1

20

O |

E

————
LHCDb 13 TeV

arXiv: 1707.01621 _E
+ Data M(E5+) =3621.4040.72 3
— Total :
-------- Signal =
---Background .

——
——
+

4
4\
a
=
1
|
)
\
)
+
+
B S

N R
3500 3600 3700
m,. (Z55) [MeV/c?]
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Systematics

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

M(EXT) = M(AY) =1134.94 £ 0.72(stat) £ 0.27(syst) MeV

M(EZT)=13621.40 £ 0.72 (stat) £ 0.27 (syst) £ 0.14(A}) MeV
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* Varying threshold value of MVA selector has no effect on signal significance

* MVA efficiency as a function of mass: very smooth, no biasing
* Multiple candidates do not create fake narrow structures

* Checking combinations of tracks from AL and E}.*: again no peaking structures

* Varying particle ID selections: no peaking § 160 E- LHCb 13 TeV | arXiv: 1707.01621 -
structure emerge in WS combinations but % 140F 4 Data Cutbased
structure remains in RS sample 5 120 _;"gtil Selection =

&2 100;_ ---Background 'I' .I::

» Tried cut based selection instead of MVA: £ 8¢ | )/t \ AT i

» requiring good vertex fit quality 5: oY I } i1t E
» EXT vertex displaced O t E
» tracks are not produced from PV 28 =i E
» Peak significance still > 120 3500 3600 3700

—i
m_, (Ec) [MeV/c?]
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e Similar search done with 2 fb~1 of Run1 120

= 120
) = loof
data recordedin 2012, /s = 8 TeV = 199 —DawRs
&. 80;— +-Data SB
) ) . § 60
 Different trigger and data processing s F
. . . S 40 -
configuration than in Run2 ok -

1
-

——
LHCb 8 TeV

O PR T T TR I T
 But again a clear peak is seen in 2900 3400

PR T B T
3500

PR R I T T T TR N TR TR S
3600 3700 3800
m_, (ZXH [MeV/c?]

AT K~ ™ mass spectrum

e Resolution: 6.6 + 1.4 MeV

N% 70 — LHCb 8 TeV
= 60F _ pata
. . % 50;_ —T_otal
 Signal yield: 113 + 21 S 40F | Beround
* Local significance: >70 5 0% Lt I
20 émp ol
10

arXiv: 1707.01621

Illlllllllllllll

Illllllllllll

3500

e Am(Runl, Run2)=0.8 + 1.4 MeV (consistent between samples)
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" N | o 1 :—”p. 1 N "
3600 3700

m_, (Z5D [MeV/c2]
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* Peaking structure remains significant after

requiring minimum

decay time, t > 50 w.r.t PV

» Run1 significance: >70

» Run2 significance: >120 g
Inconsistent with a strong decay
< - I . SO S| =T = ! = 25 E | S SO . - CO— — 1 = G
= S0 LHCb 8 TeV Runl 3 = 140F LHCb 13 TeV Run2 4
« 40 +[T)§::1 arXiv:1707.01621 § ' -t ?g::l arXiv: 1707.01621 1
& F .. Signal 1 &100F Signal E
§ 30 - ---Background B % 80F ---Background + + 3
T 2k S 60
S 1 & F !
T i + . 40 1 E
10] ]l = -
7 20 |
0 L B ik W g B ow g N 'y | ] M W A i e B .
3500 3600 L3700 3500 3600 L3700

m_,_(E.) [MeV/c?] m__(Z:) [MeV/c?]
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omparisonwith SELEX il

> s 35 B ot l [ T

2. b Predicted B mass 1= | LHCb13TeV —DataRS |

3700:_ -------------- o D- ---------------------- E g 300 |- LHCb —+Data WS

L DDEI O 0 do - Eec +-DataSB

3650 7 0 aS. L1= 250 SELEX =

— DD =5 DE__E: 3 i = -

3600F 7 ° 5 oc 3 5 200 :

FLHCD EF arxiv:1707.01621 0O 1% - ¥

3550 F o o 1Z 150 . b I =

- S [P R — - N R, i S ’

- -0 - = AT H e .

3500 [r--mmmmmmmmmmm oo —_8 100 |- T ' .

- SELEX Z . Phys.lett. B628 (2005)18-24 0 - - BT T c 0 .

U L 1 d 50 *L =

bocs el _ :

- Large mass difference: obo—m— 1 ORI ) L L |
s . 3300 3400 3500 © " 3600 3700 3800

mM(Ecc ) yep~ MUEcc)seLex = 103 £2 MeV m(Z) [MeV/c2]

Inconsistent with being isospin partners: E.g. Guo, Hanhart, and Meissner, PLB 698 251-255; Karliner and Rosner, arXiv:1706.06961
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Searchmg for :++ |n additional decay modes

-4+ - C .+ + ot
Eeo —>HC7T ,_.CC - D p K™ ot ,_.CC - A7

« Measurement of 21" lifetime is making good progress
* Productioncross-section
* Confirmingits spin-parity is]P= 1+/2

* Searching for its isospin partner . in larger sample
than previous LHCb measurement

+
Qee
* Also searching for Q. in the near future

e The excited states?

* Now a new sector to study strong force and CP violation

Just the beginning. A long list of studies ahead.
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* LHCb very active in hadron spectroscopy studies

* Observed narrow structure in the AT K~ m™m* mass spectrum this year

* Significant displacement consistent < LU ! 3

: P , . S 180F LHCb 13 TeV :

with a weakly decaying particle < 160F -+ Dat ?rXiv: 1737501621) =

. v 140 F ata accepted by PRL =

e Observedin two LHCb data sets g fF —Totl E

o120 Signal ‘ + -

. . — Q - . -

* Consistent with £ (ccu) 5 100 -~ Background 1/, : E
5 80F

. - = C /) i 1

* Inconsistent with E7. observedby & eof; | Jr +H t =

SELEX being its isospin partner 40FTT | ; E

20 =

Stay tuned for more ) P N S YW T =

3500 3600 3700

ly charming result
doubly charming results m,, (Z+) [MeV/c?]

Thank you. M(EZ) =3621.40 +0.78 (tot) MeV
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Phys.Rev. D74 (2006) 011103

— N N
S wn O W
T T T[T T[T T[T 17T

N

Candidates/(3.0 MeV/c?)

!:++

=—iCcC
-

CE

450 F
400 |
0350 -

0 300

s

m250 [
;_,200 s
S150 |

L =+ + -+
Eee 2N KW

>
w100
50 |

0 Il
3.4 3425 345 3475 3.5 3.525 355 3575 36 3625 3.65

S ——————NEN FOCUS@FermiIab'PhotonbeamonBefixedtarget

|
Babar 2003 | SELEX | > Searchedfor both £, and £}t states
S5 A Kot | i i > 7 exclusiveZ,.. - At X modes
cc c | | 1 A 0,+
G i | |||||||”||| ] » 14 exclusiveZ,.. —» D”"Y modes
%# | |||||||||| hl I':HWI"I | 'Ih g |h g > No evidence of a £ state Nudl.Phys.Proc.Suppl. 115 (2003) 33-36
P8 IR butY 121 "'1"'5: ‘” ? i e BaBar@SLAC: e~ e™ at\/E = 10. 58 GeV
> 10 1-1 213 +1-4 ‘-52 > Searchedfor both 2. and 2} states
AM(E}. — AY) GeV/e (4 N .
Phys.Rev.Lett. 97 (2006) 162001 » SearchedforZ .~ — Az K™n™ (™)

> Searched for 2 *) 5 20 1t (t)
» No evidence of = ., states

| |+ Belle@KEK: ee* at +/5 = 10.58 GeV

Belle 2006 | SELEX - > SearchedforZ/. - AL K~ nt
| ' > Foundnew =} resonancedecayingto AL K~ n™
L.

» But still no evidence of a £, state

M(AYTK %) GeV/c?
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m_ (A7) [5 MeV/c? ]
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Candidates per 20 MeV/c?

&80
> 70
= 60
o
= 50
g
§40
S 30
S
£ 20
O
10
0

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

m(AZK +) [MeV/c?)
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"~ 72800 3000 3200
m(AK") [MeV/c2?]

'''''''''''''

1z, (2520

2600 2800 3000
m(AL ) [MeV/c2]
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