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Abstract

We discuss the motivations and perspectives for the studies of the mesons of the (be)
family at LHCh. The description of production and decays at LHC energies is given in
details. The event yields, detection efficiencies, and background conditions for several
B, decay modes at LHCb are estimated.
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Figure 1: The mass spectrum of (Ec] with account for the spin-dependent splittings.
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Table 1: The total widths of (bc)-states with Martin potential

state [, KeV | dominant decay | BR, %
mode
115, 0.06 | 115, +~ 100
215, 67.8 | 11Sy + 7w 74
215, 86.3 | 11S; + 7w 58
21 P, 65.3 | 115y + ~ 100
2P 1t 89.4 | 115 +~ 7
2P 1"+ 139.2 | 1S5+~ 094
23 P, 102.9 | 118, + ~ 100
3P, 448 | 218 + ~ 57
3P 1t 65.3 | 219, + ~ 49
3P 1'+ 02.8 | 215, +~ 63
3P, 71.6 | 218+~ 69
3D 2 05.0 | 2P 1t 4+~ A7
35D, 107.9 | 2Py 4+~ 71
3D, 155.4 | 21 Py +~ 51
3D 2"~ 122.0 | 2P 1" +~ 38
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Mode (6] [T 5 [T 07 [T s [T 9 | T 120

B — n.etv 11 11.1 14.2 14 10.4 8.6
Bf = v 3.3 3.8 2.9
BY s ety | 0.60 0.73 0.74

Bf =yl 0.050
Bf — J/etv 28 30.2 34.4 33 16.5 18

Bf — J/YrHv 7.0 8.4 5.0
Bf — J'eTrv 1.94 1.45 3.1

Bf — 't v 0.17

BY — D% v | 0.059 | 0.049 | 0.094 | 026 | 0.026

Bf — D v | 0.032 0.14

Bf — D%ty | 027 0192 | 0.269 | 0.49 | 0.053

Bf — D%ty | 0.12 0.27

Bf — B% v 50| 143 | 26.6 20 | 13.8 15
Bf — Bty 65| 504 | 44.0 37| 16.9 34
B+ — Bty 49| 1.14| 230 2.1

BY — Bty 85| 3.53| 3.32 2.3

Table 3: Exclusive widths of semileptonic B decays, I' in 10~'° GeV.
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Table 5: Branching ratios [16] of exclusive B decays at the fixed choice of factors: af = 1.20
and a§ = —0.317 in the non-leptonic decays of ¢ quark, and a? = 1.14 and a = —0.20 in the
non-leptonic decays of b quark. The lifetime of B, is appropriately normalized by 7[B,] = 0.45

ps.

Mode BR, % Mode BR, % Mode BR, %
BFf — n.etv 0.75 || Bf = J/YK* 0.011 || Bf = BYK™ 1.06
Bt = n.mHv 023 || B, = J/UK** 0.022 || Bf = B"K* 0.37
Bf — nletv 0.041 || Bf — D*D" 0.0053 || Bf — BYK** —
Bf = nrtv | 0.0034 || Bf - D*D" | 0.0075 || B — BI"K** -
Bt — J/etv 1.9 || Bf = D**D" 0.0049 || Bf — Br* 1.06
B —= J/yrttv| 048 || Bf = D**D" 0.033 || Bf — B%* 0.96
B} = ety 0.132 || Bf = DfD" |0.00048 || Bf — B*7* 0.95
B = ¢'ttv 0.011 || Bf — DD |0.00071 || Bf — B*p* 2.57
Bf — D%y | 0.004 || BF — D:*D" | 0.00045 || B — B°K~ 0.07
Bf — D%ty | 0.002 | Bf = D:*D*" | 0.0026 || Bf — B°K** | 0.015
BX — D¢ty | 0.018 || Bf — n.D7 0.86 || B — B*K* | 0.055
Bf — Dty | 0.008 || Bf — n.D** 0.26 || B — B*K** | 0.058
Bf — Bty 4.03 || Bf — J/yD? 0.17 || By = BTK" 1.98
B} — BYety 5.06 || Bf — J/¢¥D*t 1.97 || Bf - B*K*® 0.43
B} — Bty 0.34 || Bf = n.D* 0.032 || Bf — B**K° 1.60
B} — B¢ty 0.58 || Bf — n.D** 0.010 || Bf — B**K* | 167
B} — n.rt 0.20 || Bf — J/yD* 0.009 || Bf — B*n" 0.037
Bf — n.pt 042 || Bf — J/wD** | 0.074|| BX = Bp" 0.034
Bf — J/ymt 0.13 || Bf — B+ 16.4 || Bf — B*+n" 0.033
Bf — J/wp* 0.40 || B} — BY%* 72 || Bf — B*p 0.09
Bf = n K+ = = - T Us 1.6
B+ — n K+ O® L I 19
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Figure 3: The differential cross-section for the B!*) meson production in gluon-glion collisions
as caleulated in the perturbative QCD over the complete set of diagrams in the O(a!) order
at 200 GeV. The dashed and sohd histograms present the pseudoscalar and vector states,
respectively, in comparison with the corresponding results of fragmentation model shown by
the smooth curves.
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UncneHHble pesynstatbl ana LHC

The using of CTEQSL parameterization for the structure functions of nucleon [40] leads to
the total hadronic cross-sections for the B, mesons of about 0.8 pb that accepts contributions

from:

150 15 25, 28,
0.19 ub 04T b 0.05 b 0.11 pb

After the summing over the different spin states, the total cross-sections for the production
of P-wave levels is equal to 7% of the S-state cross-section.

At LHC with the luminosity £ = 10** cm2s7! and /s = 14 TeV one could expect
4.5-10"% B events per year.

Nevertheless, the P-wave states could be of a particular mterest due to thewr radiative
decays with relatively energetic photons (around 500 MeV in the B, rest frame). For P-wave
states, the leading color-singlet matrix element and the leading color-octet matrix elements
are both suppressed by a factor of v* (relative velocity of the charmed quark) relative to the
color-singlet matrix element for S-wave that can enhance the P-vawe contribution.
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[MepBoe HabnwaeHne!

CMS-BPH-18-007:
Observation of two excited B¢+ states and

measurement of the Bc+(2S) mass in pp collisions
at Vs = 13 TeV

Submitted to Phys. Rev. Lett. (arXiv:1902.00571)
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Introduction

The B_ meson was discovered in 1998 by CDF. PRL 81 (1998) 2432
It is the lowest-mass bound state of the family of mesons composed of a charm quark and a bottom anti-quark.

PRD 49 (1994) 5845

Experimental information is limited by rare production 8.0 —
4 - (- - ~
rate, a;" : qgbar, gg — (c-bbar) b-cbar. - Spectrum of B, Mesons
Given the different heavy quark flavors, the only allowed ¥ B
transitions are through photons or pion pairs i 4P ————
B 4D
G | &= BD Threshold
Particle Predicted M(MeV) > oo A i BN
8 70k 3D
B, 6247-6286 2 [ &
= B 2P ——
B, 6308-6341 -
6.5 —
B.(2S) 6835-6882 [ 1S —
B.(2S)" 6881-6914 5
6.0 — 0 1 2
PRD 49 (1994) 5845, PRD 51 (1995) 3613, PRD 52 (1995) 5229, PRD 53 (1996)
312, PLB 382 (1996) 131, PRD 160 (1999) 074006, PRD 67 (2003) 014027, PRD L
70 (2004) 054017, PRL 104 (2010) 022001, PRD 86 (2012) 094510, PRL 121
(2018) 202002
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PRL 113. 212004 (2014)

They report the observation of a new
state whose mass is consistent with
predictions for the B (25)

The B _(2S) is reconstructed from the
decay

B, followed by B, — J/iy

with a local significance of 54 o

20



Reconstruction of the BC1T1T

The B_(25)" decays to the B_ ground state through the emission
of two pions and a soft photon (around 55 MeV in rest frame) :
B.(25)" — B mtm  followed by B, = B_y,..,
Since the photon is not detected, we end up seeing
B.(2S)* — B_m™ 1 plus "missing energy”
Same final state as

B,(2S) — BT

So, we see a two-peak structure in the B_1” m mass distribution,

with the B _(25)* peak at a mass shifted by

AM =[M(B_) - M(B ) ] - [M(B_(2S)") - M(B_(2S) ]

which is predicted to be around 20 MeV.

One have to notice:

[M(B.(1S5)") - M(B.(1S5)) ] > [ M(B_(2S)") - M(B_(2S) ]

B.(25)"

B.(29)

<

T The solid and dashed lines
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S > 59 e
S indicate the emission of
/7" photons and pion pairs, respectively
S
55 MeV
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Reconstruction of Bc in data: 2016 + 2017 + 2018

- CMS ¢+ Data
2000  L=1401b" ; . — Fitresult
L Ys=13TeV Bl — J/y x* signal
" B B, —= J/'y K
m1500_ B:—rJfa,.'J;r++K
= - Comb. backg.
o _ 7495 + 225 candidates
; 1000 N ~34 MeV mass resolution
= ;
Q@ r #
- L
(HN) C
500
o 'y
i [ 1 1 1 I 1 1 1 1 i ] [ [ 1 | 1 1 EI 1 | 1 1 1 [ | 1 1 1 [
6.0 6.1 6.2 6.3 6.4 5.5

M(J/y 7*) (GeV)
Fit details:

Unbinned ML; the signal is modeled using a double Gaussian with common mean and the background as a polynomial.
Additional background contributions from B_ — J/y K decay is modeled from the simulated sample,

while the partially reconstructed B, — J/y 1 X decays are modeled with an ARGUS function convolved with a Gaussian.
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Event selection

kinematic requirements

p(m,) > 3.5 GeV

B, prob(vtx) > 0.1

p(B.) > 15 GeV

B, decay length > 0.01 cm
6.2<M(B,) < 6.35 GeV

B T prob(vix) > 0.1

p,(1,) > 0.8, p(m,)>0.6 GeV

'|T1
Ec+ ,‘ '|T2_
R m,
P P
B(28) »B_ mm
28 Event display of reconstructed candidate
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Observation of the two-peak structure

The mass difference between the two states in the B_ "1 mass distribution is predicted to be M(B _(2S)) - AM, where

Events / 10 MeV
8 &8 8 2
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I]]II|I[1I|II[[|I1II|III1|I[II

—_
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o

AM=[M(B)-M(B )] -[ M(B_(25)) - M(B(25))] — ~20 MeV

HTTT

2016+2017+2018

CMs 4 Data
L =140 fb" — Fit result
Vs =13 TeV Signal

“ Bo(Jy K m*a

p Comb. backg.

BC[ESJ*
BE[ESJ

mWﬁﬁM {

l A i
) 6.9 7.0 71
M(B’ x*7”) - M(BY) + my. (GeV)

Mass distribution fitted with Gaussian functions for the peaks
and a 3rd order polynomial for the background.

Mass resolution agrees with MC expectations ~ 6 MeV

Two-peak structure observed (well resolved) :
AM =29.0 + 1.5 (stat) MeV

Local significance exceeding six o for observing two peaks
rather than one, evaluated through the ratio of likelihoods
(including syst.). Each of them above five o

Mass of B (25) measured to be:
M(B_(2S)) = 6871.0 1.2 (stat) MeV

Natural widths : (50-90 keV predicted)
measurements consistent with zero, e.g. smaller than
the resolution
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How do we compare with ATLAS observation?

- CMS $ Data

- L=140f" — Fit result

- Vs=13TeV | . Signal

- W Bi(J/y K') x*a

— Comb. backg.

: B (29)

C B_(25)*

T | 1 1 1 I % Il 1 1 I 1 1 1 1 I 1 1 1 1 I 1
6.7 6.8 6.9 7.0 7.1

M(B: 7*77) - M(B) + my. (GeV)
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What have we measured in the B_mrmr spectrum?

B (29)
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2= T 29 MeV i Y
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CMS-BPH-18-007
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Summary (2)

Signals consistent with the B _(2S) and B_(2S)" states have been separately observed for the first time by investigating
the B_ " minvariant mass spectrum measured by CMS

The analysis is first LHC result based on the full usable Run 2 data of proton-proton collisions at a center-of-mass
energy of 13 TeV, corresponding to a total integrated luminosity of 140 fb™

The two-peaks are very well resolved with a measured mass difference of AM=29.0 1.5 (stat) £ 0.7 (syst) MeV
Both peaks have local significance exceeding five standard deviations

The mass of the B (2S) state is measured to be M(B_(2S)) = 6871.0 * 1.2 (stat) £ 0.8 (syst) £ 0.8 (B ) MeV

The mass of the B (25)" state remains unknown because the B * decays to B_y and the photon is not reconstructed

Additionally two mass differences unaffected by the uncertainty of B_ world-average-mass, have been determined
M(B_(2S) - M(B ) -2m_=317.0 £ 1.2 (stat) £ 0.8 (syst) MeV and M(B_(2S)* - M(B) = 567.1 £ 1.0 (stat) MeV

These measurements contribute significantly to the detailed characterization of the B_family and provide a rich source
of information on the non-perturbative QCD processes that bind heavy quarks into hadrons.
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Fast response of LHCb: Observation of an excited B;" state
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Figure 2: Invariant mass M (B} =% 7 ™) distributions for the (black) data and (red) same-sign
samples. The mass M (B n"77) is caleulated with constraints on the J/4 mass, B mass and
PV. The same-sign sample is normalised to the scale of the right-sign data sample as described

Same-sign

in the text. 45 I Data _z
40E LHCb Runl+Runll — Total fit 3
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Figure 3: Distribution of AM with the fit results overlaid. Black points with error bars represent
the data. The blue solid line is the fit to data. The red cross-hatched area show the Bc(2351)+
signal component. The orange hatched area is the B,_.(Qngj*' signal component. The violet
dashed line is the combinatorial background. The dark green shaded area represents the AM
distribution of the same-sign sample, which is normalised to the right-sign data sample as
described in the text.
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Why the ratio of twoPeaks are different?

Answers:
1. Pt interval for CMS is > 15 GeV;
2.Pt interval for LHCh is < 15 GeV.

do(By)/dpr

do(Bo)/dpr
4 —

pr; GeV

L . . . L . . . L . . . L
20 40 60 80
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Thank you for your attention.

Bcé nmoHsaTHO uiu emé
pa3 OOBSICHUTH?
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