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Beauty/charm production

* Large production cross-section @ 7 TeV
— Minibias ~60 mb
= Charm "6 mb ]- Flavor factory!
— Beauty  ~0.3 mb cf. 1nb @Y (45)

* Predominantly in forward/backward cones
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Beauty/charm signature

Beauty Charm
M= 5 GeV M= 2 GeV
\O _p o
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. Comparéd to minimum bias (background)
— Relatively high mass - high transverse momentum
— Relatively long lifetime - large impact parameter (IP)

* Requires excellent vertexing, tracking, particle-
identification



[JINST 3 (2008) S08005]
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10m 15m 20m
Opv x/y ™~ 10 um, opv,, ~ 60 um
Ap/p: 0.4% at 5 GeV/c, t0 0.6% at 100 GeV/c
(K — K) ~95%, mis-ID rate (r — K) ~ 5%
e(u—p)~97%, mis-ID rate (x - u) =1—-3%
oe/E ~10%/VE ®1% (E in GeV)
oe/E ~70%/VE ®10% (E in GeV)
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LHCDb data flow

LHC bunch crossing (30MHz) Maximum achievable rates

_ Turbo stream, yDST, event size 10
LO hardware trigger (1MHz) times smaller, maximize physics output!

l Real-time alignment
l and calibrations

HLT2 software trigger (12.5kHz) R

Offline reconstruction and
associated nrocessing -

User analysis

—— Offline reconstructionand ||l
Calibration associated processing
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LHCDb luminosity prospects

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018 current LHCb — Upgrade | ——» Upgrade Il—»
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Lots of singly charmed baryons

e AV 5 pK mt:~ 1x10% perfb™t @ 7 TeV
e ¥ 5 pK mt:~ 3x10° perfb™! @ 7 TeV

[JHEP 12 (2013) 90] [PRL 118 (2017) 182001]
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Doubly charmed baryons

» Particles formed by (u, d, s, c) o (o)

* Unique system for testing
Quantum ChromoDynamics @
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Predicted mass

o« M(EL) ~ M(E+)~3.5-3.7 GeV
LQCD*: 3610(23)(22) MeV
.« M(QF)~3.6-39 GeV

LQCD*: 3738(20)(20) MeV
[D. Ebert et al., PRD 66 (2002) 014008]

Quark Present Mass in GeV
Baryon content Jr work [11] [10] [9] [6] [28]
= {cc}q 12* 3.620 3478 3.66 3.66 3.61 3.69
=ho [cclq 327 3727 3.61 3.81 3.74 3.68
Q.. {cc}s 12* 3.778 3.59 3.76 3.74 3.71 3.86
Q* {cc)s 327 3.872 3.69 3.89 382 3.6

*[Z. Brown et al., PRD 90 (2014) 094507]
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Production cross-section

* Production similar to B,
— Accompanying c¢ = Trigger -

» Total cross-section [nb] for
p>4 GeV & |y[<1.5

[J.-W. Zhang et al., PRD 66 (2002) 014008]
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bb
JS = 14.0 TeV

1|

be
JS = 7.0 TeV JS = 14.0 TeV JS = 7.0 TeV

JS = 7.0 TeV VS = 14.0 TeV
[3s,] 38.11 69.40 16.7 28.55 0.503 1.137
['S,] 9.362 17.05 3.72 6.315 0.100 0.226
Total 47.47 86.45 20.42 34.87 0.603 1.363

* |n LHCb acceptance at 13 TeV: o(cc) =90 nb

* Fragmentation fraction: u:d:s~1:1:0.3
—o(EX)=0(E}) ~40nb, 0(Q}.) ~13nb

11

Jibo HE (UCAS) Doubly charmed baryon



Predicted lifetime

» Large ambiguity...

Literatures

Karliner, Rosner,
2014

Kiseley, Likhoded,
T  430+100

Kiselev, Likhoded, 2002 460+50 160+50 270+60

110+10

Guberina, Melic,
Stefancic, 1998 1550 220 250

Chang, Li, Li, Wang,
5007 670 250 210

« T(ELN) » 1(BE) = t(Qf)

=> 21 ' is easier to detect
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=+ @ SELEX

e SELEX claimed [PRL 89 (2002) 112001]

=+ + 17—+t — 8 F (c)
25, - AEK~mt (6.30)
—M: 351911 MeV ol
— 1:<33 fs @90%CL B
o
pmd 20% AT from E7, i ﬁﬂf i
o AISO "‘CC — pD'l'K_ 1: - 342 aa7 3.52'. 3.57  3.62
o wrong-sign (b)
- peak mas: 4-bin Poisson Prob " L
%3.5~ 3516MeV || <S.4::(:) = 4r
[PLB 628 (2005)18] :;»12 - @
1.5 8
1 4 I
e i yahing o %32 33 34 35 36 37 38 39 40

M(p D' K)

FRP o 2
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=++ @ SELEX
« SELEX claimed evidence of 2/ - ATKn ™
in ICHEP 2002 (4 40)

i A:K'n+3t+
— M: 3460 MeV r |
—~+ \. 35
c.f. M(Hcc)- 3519 MeV 3 WRONG-SIGN cos(B*) > -.6
big isospin breaking? |
e o~ i
— T ~T(Esc) 2|
[hep-ex: 0209075] ' HH T
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[JHEP 12 (2013) 090]

2. @ LHCb & others

 SELEX results not confirmed by FOCUS,
Babar Belle & LHCDb

« 2}, > ATK ™ searched by LHCb w/ 2011 data
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« However, LHCb already had lots of B events,
and double-charm events...
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[PRL 119 (2017) 112001]

Observation of 217 - ATK n*n™

« ALK n*n™ identified as the

most promising channel i+ =
[F.-S. Yu et al., CPC 42 (2018) 051001]

* First observation, in 2016 (>120) & Run-| (>70)

Candidates per 5 MeV/c?
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[PRL 119 (2017) 112001]

=T properties

« EXF mass measured:
3621.40 £ 0.72(stat.) &= 0.27(syst.) & 0.14(A}) MeV/c?

SELEX: m(E/.)=3519+1 MeV

Isospin partner?

* Decay weakly, mass
peak remains after
lifetime cut

—Measurement of
7(25) needed

Candidates per 5 MeV/c?
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Lifetime measurement

- Half-life (T, ,,), average lifetime (7)
__t t
N =N,2 T1/2 = Nye™=

o Expected distribution with 7 = 0.256 ps

<,

10

Candidates / (0.002 ps)

Decay time [psf



[PRL 121 (2018) 052002]

Measurement of 7 lifetime

 With the same 2016 data and almost the
same selection as the observation

A} — AE3m (control) selected w/ same criteria
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[PRL 121 (2018) 052002]

Decay time distribution/acceptance

Measure the decay time ratio relative to A3,
w/ well known 7(A%) = 1.470 £+ 0.010 ps

« Decay time acceptance from simulation
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[PRL 121 (2018) 052002]

=+ |; .

=ao lifetime

e Fitted A} lifetime 1.474 + 0.077 ps, validating
that simulation well-describes t acceptance

* Unbinned t(E}) described by

65++(t t t
fer+(t) = HAg(t) X —<< X exp ( = (5++)>

6/18 (t) cc
=+t
* T(EZ;

= 0.256190555 + 0.014 ps
Weakly decay nature established!

=
N
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[PRL 121 (2018) 162002]

Observation of E17 - EXr™

« 2T > EXm expected e
to have large ﬁ
branching fraction ++[\ SRR P
[F.--S. Yu et al., CPC 42 (2018) 051001] |/« : AV

» Searched with 2016
data, following similar *
selection strategy to -
2> ATK ntnt R

* 91 + 20 signals seen,
5.90, re-discovery!

0 b b S e b
3500 3550 3600 3650 3700

m(E; ") [MeV/c?]
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[PRL 121 (2018) 162002]

=++ =4+ ~+___+
Zi- mass and B(E ;" = E ™)

o Tt
=+ mass

w4+ + =gt at
ETATK T

(]

T+ _ mgt
Lo —TELT

LHCb S Combined 3620.6 &+ 0.65 + 0.31 MeV/c?

| 1 1 1 | 1 1 1 |

! 1 L 1 | )
3618 3620 3622 3624
M(ELT) [MeV/c?

consistent with predictions, e.g., by lattice QCD
3610 + 23 + 22 MeV/c? [Z. S. Brown ef al., PRD 90 (2014) 094507]

« Ratio of total branching fractions
B(EIt - EfnT)x B(Ef — pK—7t)
B(ELT — A+K mtat) x B(AF — pK—7t)

at the lower end of prediction
[F.-S. Yu et al., CPC 42 (2018) 051001]
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Precision measurement of m(E}*

 UROP, preparing to search for excited

— states, event-selection re-optimised
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m(E}F) = 3621.55 + 0.23 + 0.30 MeV/c?
c.f., 3620.6 + 0.65 + 0.31 MeV/c?
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Candidates / (6 MeV/c?)

Measurement of £ production

* Measured w/ 2016 data
» Accompanying c¢c dominates: wx
in trigger, lots of work on ¢ (o0
valldatlng efflc:lency

1 1 a L 1
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[CPC 44 (2020) 022001]

Measurement of £ production

Relative to A7, in |
A7

2<y<4.5

U(EZFCJr + =gt ot

STy D) S
= (2.224+ 027+ 0.29)x10™% £ [—Tow

[ -~ Non-prompt

SELEX, 20% A} from E,

log, (2(A)

Jibo HE (UCAS) Doubly charmed baryon 26



[JHEP 10 (2019) 124]

Search for 7" - D"pK~m™
» Branching fraction S|m|Iar to AgK ™ m™?

< d U
d

Y

Y
Iy

AT

Y

* No signal in 2016 data

B(=X+ — DtpK—7t)

+
57
QU2 » 2
+

a
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* Blinded analysis

« T(E}.): (0 fs, 80 fs) x (non)observation
Evidence around
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[SCPMA 63 (2020) 221062]

Unblinded Z/. mass distribution

» Swtiching to event-selection designed for
setting upper limit
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Upper limits on ZZ, production

ZSCIENCECHINA -
« UL relateive to AL and 2} & Astronomy =
in the fiducial region

N
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Prospects of DCB in a nutshell

. LHCb (9 fb™1, 2018)
— EXF more decay modes observed
— EZ. search w/ more decay modes
— O} evidence?

» LHCb upgrade (50 fb~1, 2030)

— EXF, 0(10Kk) signals, excited states, new
decays CPV study?

— EX., O(1K) signals, properties better known
— O7F., observation

 LHCDb upgrade-Ill, another factor of 6



Summary

 LHCb has done world-leading works on doubly
charmed baryons

— ZXF observationvia 2} - ATK ™, mass,
lifetime, production, decay: 27 - Ef ™
— EX. appearing on the horizon
 With LHCb upgrade (50 fbt) & upgrade-Il (300 fbl),
much more will be done

e Continuous & strong supports from Chinese
theorists greatly appreciated



