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Introduction e

The B. is a unique system in the SM

e Doubly heavy meson with different flavours (bc)
e The B} can decay only weakly

=» Longer lifetimes than quarkonia but smaller than other B-mesons

Small production cross-section: O(a?)

e At hadron colliders the B. production is mainly due to gg fusion

Requires the production of both bb and c¢
oB. ~ 10_30'3

Scarce information before LHC

o(Bc

The B was discovered in 1998 by CDF at Tevatron
Mass and lifetime by CDF and DO at Tevatron (Run II)

)LHC/U(BC)Tevatron ~ 0(10)

Many decay modes observed

High precision measurements of mass and lifetime
Relative production measurements

Starting the study of the excited states
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B. Spectrum
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hadronic transitions Pty prtes) 10 302
1P] +~ 6.6 1541
Only BF and B (2S) observed so far Bry o 40 141
. 1
Theory predicts also: féﬁil oo
RBC = JB§+(2S)/UBj(2S) ~ 24 - 26 [arXiv:1902.09735] [arXiv:1904.06732]
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Theory predictions for the B, mass e

e Incomplete list of theory prediction of the (15/25) masses (in MeV)

[epoIN

ano ame]

11S, 135, AM(1S) 25y 235, AM(2S)
PRD46(1992)1165 6314 6355 41 6890 6917 27
PRD49(1994)5845 6264 6337 73 6856 6899 43
PRD51(1995)1248 6255 6320 65 - 6900 -
PRD51(1995)3613 6253 6317 64 6867 6902 35
PRD52(1995)5229 6260 6340 80 6850 6900 50
PRD53(1995)312 6247 6308 61 6853 6886 33
PRD60.074006 6286 6341 55 6882 6914 32
PRD61.054013 6283 6356 73 - - -
PRD62.114024 6258 6334 76 - 6883 -
PRD67.014027 6270 6332 62 6835 6881 46
PRD70.054017 6271 6338 67 6855 6887 32
EPJ37(2004)323 6263 6354 91 - 6894 -
PRD71.034006 6380 6416 36 6875 6896 21
Pram.66(2006)953 6349 6373 24 6821 6855 24
PRD81.076005 6270 6335 66 6863 6895 32
1902.09735 6275 6329 54 6867 6898 31
PLB382(1996)131 6280430 & 190 6321120 41 6960180 689080 30
PRL94.172001 6304112118 - - - - -
PLB651(2007)171 6278 6375 37 - - -
PRD86.094510 627849 633249 5443 6804410 +8 6922419 4 8 28
PRD92.054504 6276+9 6333+3 57 6844-+6 68796 35
PRL121.202002 6276+3+6  6331+4 + 6 55 6712418+ 7  6736+17 4+ 7 24
PDG2018 6274.910.8 6842+4 £ 5
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e Average for B mass is close to the PDG value

e Few predictions for LQCD but closer to the observed one

e Average ok also for the B (2S)
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Excited B, states

il

e Theory predicts AM(1S) ~ O(60)MeV;
AM(2S) ~ O(35)MeV
e 1S transition: experimentally very challenging
to detect such a low energy ~
e 2S transition: can use the wm emission
to (1S) levels
e But:
e B (2S) goes to the ground state directly
o BXF(2S) — B (1S) +ntm™
e Followed by B (1S) — B + ~
e If the experimental resolution is good
enough the B 77~ invariant mass distribution
will have a two peaks structure

2S

1S

2°s ~ B(2S)

*
| AM(28)

Tt

2'S,~Bi(28)

W 1IS-BY
4

AM(1S
)\, amas)

AN

o M(B:"(25))rec = M(BZ(2S)) — AM(1S) + AM(2S)
e Since AM(1S) > AM(2S) the B:*(2S)rec will be

the lower peak
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Excited B, states — Experimental situation

e

e In 2014 ATLAS [PRL 113.212004] observed a state
consistent with expectations for the (2S) state

m = 6842i4(stat.)i5(syst.) MeV/c2
e No discrimination between B*(2S) and BZX(25)

e In 2018 LHCb, using a data sample of only 2fb™1,
did not find any structure in the invariant mass
distribution [JHEP 01 (2018) 138]

e In a recent work CMS [PRL 122.132001], using the
2015-2018 data, reports two peaks in
the invariant Bl w7~ separated by

m = 29+1.5(stat.)4-0.7 (syst.) MeV/c2
e And a B (2S) mass of

m = 6871.041.2(stat.)4-0.8(syst.)0.8(8) MeV /c?
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.113.212004
https://doi-org.ezproxy.cern.ch/10.1007/JHEP01(2018)138
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.132001

The LHCb detector e

e Originally designed to measure CP violation in the b sector
today is also devoloping a rich physics program in the forward
region

LHCb MC

e Acceptance

10 mrad < 6 < 300 mrad

2 < n < 5 coverage

o Vertex detector (VELO)
op ~ 10 um, o, ~ 45 fs
e Tracking (TT and IT/OT)
Ap/p =0.5—1.0%

(5 GeV/c—200 GeV/c)

e RICH

(K — K) ~ 95%

mis—ID (7 — K) ~ 5%

e CALO (ECAL, HCAL)
AE/E = 1% @ 10%/+/(E) GeV
e Muon

e(p — p) ~97%

misID (m — p) ~ 1 —3%

ECAL HCAL

MAGNET

[JINST 3 (2008) S08005] [IntJModPhys A 30 (2015) 1530022]
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https://doi-org.ezproxy.cern.ch/10.1088/1748-0221/3/08/S08005
https://www.worldscientific.com/doi/abs/10.1142/S0217751X15300227

Event selection e

[arXiv:1904.00081]

B.(28)* - Bimtm~ B (28)* - B{* (- Bfy)n*n~

_ -1 - . . . .
e Run | + Run Il data sample: 8.5 fb g f LHCb Run 1+Run2 |
. [} » GeV/
e Common selection for B} (2S) or B (2S) = p(@) > H0Gae
=~ 600 —+— Data b

candidates %
e Use the decay: Bf — J/Wrt
e Pre—selection cuts + BDT classifier

e To further improve S/B: 6200 6300
Pr(BF) > 10 GeV/c

Total fit

6400 6500
M/ @) [MeVic?

BZ signal yield: 3785473
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Event Selection

iy

e Combine the B candidate with a pair of
tracks from the PV

e Opposite charge
o |dentified as 7
e Check that selection does not produce
artifical peaks in the M(B}ntn™)
distribution =» Apply the same cuts to
same-sign sample: B ntx*, BYf m= 7~
e One peak approximately at 6840 MeV/c?
and another structure at ~6870 MeV/c?

e No peaks in the same sign/sidebands sample

e Extract the masses and yields of Bg*)+(25)
by fitting:
AM = M(Bfntn~) — M(BX)rec
to eliminate the dependence on the
reconstructed B mass

)

Candidates/ (3 MeV/c?)

Candidates/ (3 MeV/c?)

[arXiv:1904.00081]
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Results %

[arXiv:1904.00081]

© : :
B:(25)  B.25) § wE LHCbRun1+Rn2  _“Taan
Signal yield 51410 2449 s 3 e
Peak AM value (MeV/c?) 566.2+0.6 597.2+ 1.3 2 3 < Combinetoria
Resolution (MeV/c?) 26+05 25+1.0 g =
Local significance 6.80 320 g 20
Global significance 6.30 220 -% 15}
5
o " } i
500 550 600 650 700
e The mass difference of the two peaks amounts to: AM [Mev/e?]

AM;_5 = 31.0 + 1.4(stat.) MeV/c?
Adding the BX mass from PDG to the fitted peaks
M(B:+(2S))rec = 6841.2 + 0.6(stat.) = 0.8(B) MeV/c?

M(BZ(2S)) = 6872.1 4- 1.3(stat.) 4- 0.8(B}) MeV/c?
Systematic studies

o Momentum scale

e Missing photon

e Signal and background models
Total systematic contribution: 0.1 MeV/c?
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Summary s

[arXiv:1904.00081]

e Using the data collected from 2011 to 2018 corresponding to an
integrated luminosity of 8.5 fb~* LHCb has observed an
excited B} state

e It is consistent with being a B:*(2S) state with the low energy
photon of the decay to ground state missing

M(B:*(2S))rec = 6841.2 + 0.6(stat.) + 0.1(syst.) £ 0.8(B) MeV/c?

e Hint also for a second structure consistent with B (25)

M(BZ(2S)) = 6872.1 + 1.3(stat.) & 0.1(syst.) + 0.8(BS) MeV/c?

e These findings are in agreement with the recent CMS results and within
the range of theory predictions
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Search for excited B states

e

[JHEP 01 (2018) 138]

LHCb previously searched for excited BJ states using the 2012 data
MLP (neural network) bin with worst S/B removed
Invariant mass distribution in MLP response bins

The M(BFntn™) distribution was consistent with background only
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https://doi-org.ezproxy.cern.ch/10.1007/JHEP01(2018)138

Search for excited B states

iy

e Setting an upper limit on R

I8t (2s)

upper limiton R

0.05
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upper limiton R
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[JHEP 01 (2018) 138]
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€B£*)+(2S)

Evaluated for 4 values of AM = AM(1S) - AM(2S) (0, 15, 25, 35 MeV/c?)
R ~ 0.09 at ~6840 MeV/c? at 95%CL using 2012 data

Using the full data sample of Runl and Run2 (this analysis):
R =0.08 £0.03

Consistent with the upper limit previously obtained
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Theory predictions for the B, mass

e Additional theory prediction of the (15/25) masses (in MeV)

11s, 135, am@as) 2'sy, 235, AM(2S)
EPJA50(2014)154 6278 6331 53 6863 6873 10
PRC78(2008)055202 6269 6337 68 6743 6767 24
EPJC71(2011)1825 6272 6333 61 6842 6882 40
NPA848(2010)299 6256 6343 87 6939 6997 58
EPJC78(2018)592 6272 6321 49 6864 6900 36
PRD95.054016 6275 6314 30 6838 6850 12
PDG2018 6274.9+0.8 684214 £ 5
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Trigger and data processing s

2

LHC Fill 2651

e Upgrade of the trigger system during LS1

e Improved computing resources
e New HLT architecture
e Fast automated calibration

ATLAS & CMS

Instantaneous Luminosity [10 cm? ]

e More than double stored event rate

5 20
Fill duration [h]

LHCb Run |l Trigger Diagram LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018
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LO Hardware Trigger : 1 MHz
readout, high Er/Pr signatures
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h* »/up
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Partial event reconstruction, select
displaced tracks/vertices and dimuons

H
2011 2012 2013 2014 2015 2016 2017 2018
Year

Buffer events to disk, perform online
detector ignment

Run | (201142012)  Run Il (2015—2018)

(s) 7 TeV+8 TeV 13 TeV
12.5 kHz (0.6 GB/s) to storage fﬁ 142 ot 5.5 fbo!
. . - Bunch spacing 50 ns 25 ns
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