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Outline

* Doubly heavy mesons
— B production
— Excited B states
— B mass
Please see V. Zhovkovska’s, J.Crkovska's talks
for quarkonium productions

* Doubly heavy baryons
— EXF production
Please see S. Li's talk for DHB results
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Beauty/charm signature

Beauty Charm
M= 5 GeV M= 2 GeV
KO0 A 0

. .
[P

. 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]

The LHCb experiment

Dedicated to precision study of b/c-hadrons
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The LHCD trigger (Run-I1)

40 MHz bunch crossing rate

@ Level-0, Hardware
» Fully synchronous at 40 MHz

LO Hardware Trigger : 1 MHz » Selection of high pr particles
readout, high Er/Pr sighatures * pr(un) >~ 1.5GeV/c,

‘ ' pr(u1) x pr(te) >~ (1.5GeV/c)?
450 kHz 400 kHz 150 kHz * ET(h, e, },) >25_4GeV

@ High Level Trigger (HLT), Software

! Software High Level Trigger 3 » Stage 1, tracking info, IP cuts
» Stage 2, full reconstruction + selections

~50 kB/event = 0.25GB/s, ~ 2 PB/year

Buffer events to disk, perform online . ¢ Ofﬂine da’[%efJOW 10%
detector calibration and alignment . Raw data — S’[ripping S (H)DST
Stripping, also as HLT3, Pre-selections

of all decay channels under study

Partial event reconstruction, select
displaced tracks/vertices and dimuons

Full offline-like event selection} mixture

of inclusive and exclusive triggers
12.5 kHz (0.6 GB/s) to storage
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LHCDb luminosity prospects

LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018 current LHCb — Upgrade | ———» Upgrade —
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Upgrade!! Upgrade!? Upgrade??
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B. meson

* Formed by two different heavy quarks,
unique in the Standard Model. Both b- & c-

quark can decay, or annihilate
—E—>C_W+,e.g.,]/l/)‘€+1/g @

—c->sWT,eq., Bdn*

—ch->WT, eqg., thy,
W+ ’_'4 W+ ’__4 [_) C(T+>

@ —— c(u) @ - — s(d) >VVM\/;;<
C 5 e b < b c §<I/5r>




B. production

« Difficult to produce at ete~ b
machine. Mainly through *
gg = B.+ b+ catLHC C

* Production rate
— Theoretical prediCtiOn (in nb) [C.-H. Chang, et al., PRD 71 (2005) 074012]

1('So)1) | I(3Si)1) 1("So)s9) 1®S1)8g)  |("P1)1)  |CCPo)1) |CCP1)1)  |(CP2)1)

LHCT 1.1 177. (0.357, 3.21) (1.58,14.2) 9.12 3.29 7.38 20.4
TEVATRON 5.50 13.4 (0.0284, 0.256) (0.129,1.16)  0.655 0.256 0.560 1.35

e Color octet contribution is small
— 0(2S)/0(1S) would be |R,s(0)/R,5(0)| = 0.6
—0(BF)~0.9 ub for /s = 14 TeV
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[PRL 114 (2015) 132001]

B production w/ J/Yym™

Normalized to B* - J/yYK™, as (pr,y)
» With 8 TeV data (2012)
 pr distribution well described by BCVegPy
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[PRL 114 (2015) 132001]

B production w/ J/Yym™

_ o(BH)xBBE ] )

o(B)XB(BT-J/YK™)

= (0.683 + 0.018 + 0.009)%

for pr < 20 GeV,y € [2,4.5]

 Using
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o(B}) = 0.47 ub, theoretical prediction by BcVegPy

B(BF — J/lwrt) =0.33% [C-F Qiao et al, PRD 89 (2014) 034008]

o(BT, pr(B) <40GeV/c,20<y<4.5)=389ubat /s=7TeV,
measured by LHCDb [JHEP 08 (2013) 117], scaled up by 1.2 for 8 TeV
B(Bt — J/wK*)=(0.1016 £0.0033)%, PDG’'12
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[PRD 100 (2019) 112006]

B production w/ J/yu™X

X1O|3

* Normalizedto B —»
DO/+,LL_X
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[PRD 100 (2019) 112006]

B production w/ J/yu™X

« Similar trend seen in pt > 5 GeV region
Use (B;) = (10.70 + 0.19)%, B(B} - J/yutv) = (1.95 + 0.46)%

f _

< =(3.784+0.04 + 0.15 + 0.89)x1073 at 13 TeV
futfa
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X 8F + Data 4 X 8F =
Uk:’ﬁ 7;_ —Fit 3 b&.\% 7;_ —|_Data _z
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Excited B states

* B. has a rich spectrum

7600 k75727588 7565 7571 7568
- 7455 7475 1487 7563 -
- —7a72 7365 7376 7380 -
(7250 7272 7372 7269 7276 7271
’>'\ 7200 F 7120 7150 7164 7266 _
) : 7145 7028 7041 7045 :
E —6855 6887 7036 -
~ e 6768 !
o 0800 F| | gr0e S50 0755 ]
%) — 6741
s oy -
6400 F¥ 6338 B. Mass Spectrum
6271 Z= ]
- 'Y i
6000

's, ’s, °p, P, °P, D, D, °D,°F, F, °F,
[S.Godfrey, PRD 70 (2004) 054017]

Jibo HE (UCAS)

Doubly heavy mesons & baryons

State Decay GKLRY * Godfrey

135, 11S,+y 100 100
18P, 135, +y 100 100
1P, 1385 +v 6 12.1
1S+7 94 87.9
1P, 135, +y 87 82.2
1Sy +7y 13 17.8
13Py, 138, +y 100 100
218, 1'Sy+=n 74 88.1
1P, +y 9.4
1Py +7v 2.0
13S1+Y 0.5
238, 188, +=x 58 79.6
13P2-+-)/ 8.0
1P, +y 1.0
1Py +y 6.6
13Py+7 4.0
215+ 0.01
11So-+-')/ 0.8

*[I. P. Gouz, et al., Phys. Atom. Nucl. 67 (2004) 1559]

T[S Godfrey, PRD 70 (2004) 054017]
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[PRL 122 (2019) 232001]

Observation of B(f*) (25)*
* B.(2S) observed with all Run1+2 data

+ 22675 + 200
» Largest B sample ;e
%6000 LHCb Run 1+Run 2 ]
= —— Data g
P —— Total fit b
Q) 45F T b 3 8 = Bi>J/ynt ]
> 40 LHCbRun 1+Run2 Total fit E g eV
é) 35 = Y B.(29)" 3 :%2000 ------- Combinatorial |
- B2 B.(2S) 3 Q ] -
NG 30 -=.=. Combinatorial 4 T i
; E_ Same-sign _E - T
2 25§ ; ‘ 0500 6300 6400 6500
5 20F } } } \ ]l * = My *) [MeV/c?]
S 15k N 5
S 1ok : '§ 35 el BX(28)"  B.(29)*t
g SR LR c
5E { \ { 4 Signal yield 51 +10 24 +9
— -5(')0- BT -65'0- - -7:00 Peak AM value (MeV/c?) 566.2+0.6 597.2+1.3
AM [MeV/c] Resolution (MeV/c?) 2.6 +0.5 2.5+1.0
Local significance 6.80 320
Global significance 6.30 220
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Comparlson W|th CMS
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[PRL 122 (2019) 132001]

- 5=13Tev n

C cmMs

L=1431b"

¢ Data

— Fit result
Signal
B:UyK) 'z
Comb. backg.

6.7 . 6.8 .
M(B n*n") -

69 70 71
M(B; ) + my. (GeV)

M(B,(235,)*),ec = 6841.2 + 0.6(stat) + 0.1(syst) +/0.8(B;)|MeV /2
LHCb 1 M(B.(25)") = 6872.1 + 1.3(stat) + 0.1(syst) + 0.8(BF) MeV/c?

M(B,(25)*) = M(B}(25)*)ec = 31.0 + 1.4(stat) + 0.0(syst) MeV/c?

M(B,(235;))rec = 6842.0 + 1.0(stat) + 0.0(syst) iMeV/cz
cMs 4 M(B.(25)") = 6871.0 + 1.2(stat) + 0.8(syst) + 0.8(B;) MeV/c?

M(B.(25)*) — M(B}(25)")ec = 29.0 + 1.5(stat) + 0.7(syst) MeV/c?

Jibo HE (UCAS) Doubly heavy mesons & baryons

15



2000

Candidates / (5.0 MeV/c?)

B mass measurement
» Six decay modes, with all Run1+2 data
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Decay mode Yield Fitted mass Corrected mass  Resolution
[MeV /c?] [MeV /c? | [MeV /c?]
Jp T 25181 £ 217 6273.71 &+ 0.12 6273.78 = 0.12 13.49 £0.11
Jprta— ot 9497 £ 142 6274.26 &+ 0.18 6274.38 £ 0.18 11.13 £0.18
Jppprt 273+ 29 6274.66 + 0.73 6274.61 + 0.73 6.34 = 0.76
JWDHKTK—7t) 1135+ 49 6274.09 £ 0.27 6274.11 + 0.27 5.93 +£0.30
JW D (ntn— ) 202+ 20 6274.57 +£ 0.71 6274.29 + 0.71 6.63 + 0.67
Jhp DO (K- nt)K+ 175+ 21 6273.97 £ 0.53 6274.08 £+ 0.53 3.87 £ 0.57
BY(D;nT)rt 316 + 27 6274.36 &= 0.44 6274.08 4+ 0.44 4.67 £ 0.48
BY(Jhp )T 299 + 37 6275.87 = 0.66 6275.46 + 0.66 5.32 +0.74
SRRRPRARATARSSEEN T S B e - N
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[JHEP 07 (2020) 123]

B mass measurement
* Precision improved by a factor of 2

LHCb
Bi—=J/lym* | =0

B —=Jlyataat | —c—

Bi—=J/lyppa* - o

Bi—J/yw D (K*K 7*) —t—e—t—i
B —=J/yDi(mtrn ) - o
Bi—J/wD (K n")K* H o

B! —B)(D_w*)m* —t——

B: =By ¢)m - . —
B: combined mass ——H 627447+ 0.27 + 0.17 MeV

| | | | | |
6271 6272 6273 6274 6275 6276

M(B}) [MeV/c2]
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Doubly charmed baryon

= 3621.55 + 0.38 MeV
- MQr) =~ M(EFT) + 100 MeV
* Lifetime
—37(Er) = 37(Qf) ~ t(EXH) = 0. 256 + 0.027 ps
 Production -w. Zhang et al, PRD 83 (2011) 034026]
—o0(cc) =90nb @ 13 TeV in LHCDb
— ffrag u:d:s ~1:1:0.3
0(ELT) = 0(EE) ~40nb
o(Qr.) ~13nb
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[PRL 119 (2017) 112001]

Observation of 217 - ATK n*n™

» ALK ™™ identified as the YT

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

* First observation, in 2016 (>120) & Run-| (>70)
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Doubly heavy mesons & baryons

—
- LHCb 8 TeV
r  —+Data
—Total

E e Signal
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113+21
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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 L o 1T 1 L

NE o) TOS LHCb E § 140 b) exTIS LHCb E
80E 4 Data 4 © pf —+ Data =
70 - — Total + 4 = T F — Total -
60E I ] 8 100 :— """ Slgnal
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e < o . ]
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10 i 116123 0F f% 210429
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(2020) 022001}

[CPC 44

Measurement of £ production

Relative to A7, in |
A7

2<y<4.5

(&)

o(AD)
= (2.224+ 027+ 0.29)x10™% £ [—Tow

[ -~ Non-prompt

ErFF > ALK ntnt) «

. —(a)

SELEX, 20% A} from E,
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4 L6
log (2,(A)
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Summary

 LHCb has made great progress on studies of
the doubly heavy mesons & baryons

— B production with both J/yn™, J/Yyu*X,
world-best measurement of B mass,
observation of B.(25)(")*

— ZXF production

 With LHCb upgrade (50 fb?) & upgrade-Il (300 fbl),
much more will be done

* Your suggestions are always welcome!



