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Latest results from CMS and ATLAS

CMS

Production

e ATLAS: Measurement of the relative Bci/Bi production cross section with the ATLAS detector at
Vs =8 TeV [PRD 104 (2021) 012010]

e CMS: Observation of the BC+ meson in PbPb and pp collisions at Vs, = 5.02 TeV and Measurement of
its nuclear modification factor [PRL 128 (2022) 252301]

Decays

e ATLAS: Study of B_» J/YD_"and B_= J/L|JDS*+ decays in pp collisions at Vs =13 TeV with the ATLAS
detector [JHEP 08 (2022) 087]

Spectroscopy

e CMS: Observation of two excited B_states and measurement of the B (2S) mass in pp collisions at
Vs =13 TeV [PRL 122 (2019) 132001]

e CMS: Measurement of BC(ZS)+ and BC*(2S)+ cross section ratios in proton-proton collisions at
/s =13 TeV [PRD 102 (2020) 092007]



https://doi.org/10.1103/PhysRevD.104.012010
https://doi.org/10.1103/PhysRevLett.128.252301
https://doi.org/10.1007/JHEP08(2022)087
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.132001
https://doi.org/10.1103/PhysRevD.102.092007

CMS

Relative B_* / B* production at ATLAS

B. meson production is possible at LHC via gluon-gluon fusion (proportional to as“):
unique probe for Heavy Flavour physics, as it requires collinear production of two different heavy quarks

Measurement of the total and differential production cross section for the BCi (BCi = J/Prr*) relative to
B* » J/YK* using 20.3 fb™' of pp collisions data collected at ATLAS at s = 8 TeV (LHC Run-1/2012)

Relative production cross section calculated as

)
o(B*) - B(B* = J/wK*)-B(J/w = uu~) N*°(B*) e(Bf)

o(BZ) - B(B: = J/yx*) - B(J/y = p'p) _ N™(B7) e(B”

Signal yield (N"°) are extracted with a Extended 1D Unbinned Maximum Likelihood (UML) fit
Efficiency € describes the detector effects, the trigger efficiency, /K differences and the selection criteria
Differential production cross section in transverse momentum p_ and rapidity y bins:

o 13<p.B)<22GeV and p.(B) >22 GeV
e |y(B)I<0.75and 0.75<ly(B)I <2.3
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B_* and B” signal yield extraction

CMS

B* UML fit (top):

Signal: Gaussian

Background: falling exponential

Partially reco’d decays: error function

B* » J/Ym* (Cabibbo-suppressed): Gaussian

B_" UML fit (bottom):

e Signal: Gaussian
e Background: falling exponential

Analysis bin Number of the B* candidates Number of the B candidates
pr(B) > 13 GeV, |y(B)| < 2.3 (398.3 +0.8) x 10° 7987
13 < pr(B) <22 GeV, |y(B)| <23 (207.6 £ 0.6) x 10° 41758
pr(B) > 22 GeV, |y(B)| <23 (190.9 £ 0.6) x 10° 36373
pr(B) > 13 GeV, |y(B)| <0.75 (147.9£0.5) x 10° 319427
pr(B) > 13 GeV, 0.75 < |y(B)| < 2.3 (248.8 +0.6) x 10° 45471
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CMS

B_* / B* production cross section

Relative total production cross section

o(B7) - B(B: - J/yr™)
o(B*) - B(B* — J/yK*)

— (0.34 =+ 0.045131 j(())(())g syst + O-Ollifetime)%'

Differential production cross section:

e decreasing with B meson transverse momentum
e no significant dependence on B meson rapidity
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Comparison with other experiments

The result from ATLAS 8 TeV can be compared to previous results from:

e | HCb7TeV[PRL 114, 132001 (2015)]
LHCb 8 TeV [PRL 109, 232001 (2012)]
CMS 7 TeV [JHEP 01 (2015) 063]

Measurement pr(B) ly(B)| B: /B* Ratio [%]

LHCb8 TeV < 20 GeV 20-45 (0.683+0.018+0.009)
CMS 7 TeV > 15 GeV <16 (0.48 +0.05 + 0.03 + 0.05)
ATLAS 13-22GeV <23 (0.44 £ 0.07 £13% +0.01)
ATLAS > 22 GeV <23 (0.24 +0.04 +£19% 1+0.01)

LHCb fiducial region has slight overlap with ATLAS measurement and shows no p.-dependence in the
common phase-space region; but LHCb dataset is dominated by low-p. B mesons (p.(B) > 4 GeV)

ATLAS results are smaller if compared to CMS and LHCb and p.-dependence is shown for the first time


https://doi.org/10.1103/PhysRevLett.114.132001
https://doi.org/10.1103/PhysRevLett.109.232001
https://doi.org/10.1007/JHEP01(2015)063

B_* production in PbPb collisions at CMS

CMS

B_" meson observed for the first time in PbPb collisions via the B_" » J/( » u"u‘)p*vH (+ c.c) using 1.61 nb’
of PbPb collisions data collected at CMS at Vs = 5.02 TeV (2018)

The result is compared to the measurement in pp collisions (302 pb” at v/s =13 TeV collected in 2017)
Decay B_" » J/( = uﬂx)u*vu: large branching fraction (pro), only partially reconstructed (con)

Source of fake candidates:

e fake J/W: neither of the two opposite-sign muons comes from a J/Y
e B hadrons: true J/Y from B hadron (not B ) and third muon (or mis-id hadron) from the same B-jet
e J/Y +random X: true J/Y + uncorrelated muon (or mis-id hadron)
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ms,

B_* production in PbPb collisions at CMS

Low BDT candidates discarded (0.1% of signal)

PbPb (1.61 nb) + pp (302 pb'), 5.02 TeV

3 f[oms B: = Wy —uujuey,
Bt
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Study of B_ » J/QD ") decays at ATLAS

CMS

B_ meson can decay through different mechanisms (b decay, ¢ decay, annihilation)

The B_decays are reconstructed at ATLAS using 139 fb™ of pp collisions at vs =13 TeV

Previously observed in Run-1 by LHCb [PRD 87 (2013) 112012] and ATLAS [EPJC 76 (2016) 4]

A pseudoscalar meson decaying into two vector states is described with three helicity amplitudes:

two transverse polarizations (A ,, A ), and a longitudinal polarization (A )

The indices correspond to the helicities of the J/{ and D "* mesons:
the transverse polarizations are described by a single A . component



https://doi.org/10.1103/PhysRevD.87.112012
https://doi.org/10.1140/epjc/s10052-015-3743-8

CMS

B_~» J/YD_ " decays reconstruction

e Decays’ reconstruction:
o JWspy
o D =»d(=»KK)m
o D= Dsrro/y (soft, not reconstructed)

e Fiducial region:
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B_» J/YD_ " signal extraction

2D UML fit in J/YD invariant mass m(J/yD,) and J/ helicity angle cos(0’(1Y))
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o N(B_»J/YD_") =241+ 28 (stat)
o N(B, = J/YD,)=424 + 46 (stat)
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Results on the B_ = J/YD " branching fraction ratios

CMS

The signal yields enter the ratios R after being corrected
by an overall efficiency (from MC)
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The branching fractions R(D_"/m), R(D_"/m), R(D_"/D_") and
the transverse polarization fraction I'_/I" , , are measured

Measurements in agreement with previous ones, with
improved precision

R(D,*/m) well described by predictions
Other predictions consistently deviate from data

I, /(M otr,.) in agreement with naive % spin counting

Rpt jns = 2.76 £0.33+0.29 £ 0.16
Rpet jps = 5.33 £ 0.61 £ 0.67 £ 0.32,
Ryt py =193+ 0.24 +0.09.

[is/D =0.70 £ 0.10 + 0.04.
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CMS

Two BC excited states at CMS

B_(2S)" and B _*(2S)" states are observed at CMS using 143 fb™ of pp

“virtual position” in the

collisions at Vs =13 TeV (full Run-2) SHeCTUT I 1o phioton Joss
They appear as two well-resolved peaks in the B_r'm invariant mass . .

| P———
Previously observed as a single peak by ATLAS [PRL 113, 212004 (2014)] — :
B_*(2S) » B_'m'rT is followed by B_* » B_+y,__ (BF of 100% is assumed) '
E(y) = 55MeV (from NRQCD predictions): too soft to be detected B T

The (relative) differential production cross sections
are measured in p; and rapidity bins

R* = "—__(Bc(ng))+)3(sc(23)+ S Bratn) = (Sc(gf‘))+) )
Kinematical range: p_(B ") >15 GeV and ly(B ") < 2.4 i &l EB29T)
T ¢ ¢ Rt+ — U(B:(zs)+)B(B*(2s)+ =y B*+n+n—) = N(Bc*(zs)+) G(Bg-)
" . . (Y pn ¢ — eBE) T ; N(BY) e(B:(25)")’
R*: relative cross section of B *(25)" to B_ o(B(25)") B(B:(2S)* — Br*n+m-) _ N(B(25)) e(B.(25)")

+ . : + + R*/R* = T
R™ relative cross section of B (2S)" to B_ o(B(2S)

R*'/R": relative cross section of B *(2S)" to B _(2S)"

)
) B(B.(2S)" = Bfmtn—)  N(B.(29)") e(B:(25)")



http://dx.doi.org/10.1103/PhysRevLett.113.212004

BC Candidates’ reconstruction

B. (ground state) reconstructed in B_" = J/( » P (+ c.c),
with the dimuon invariant mass kinematically constrained El
(9]
to the J/Y mass (kinematic vertex fit) 38
= £
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¢ oz
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B_(2S) and B_*(25) signal yields

Two opposite-sign high-purity tracks (assumed to be pions)

cMs 143 b (13 TeV)
are combined with the reconstructed B_candidate 4 Data
60 — Fit result
W Sioned .
UML fit on B ir'mr invariant mass distribution: 2 50 W By K) x'x
c s ~__ ! Comb. backg.
O 40 )
H — B 25 * &
e Signal: ~ (25 1|
, 230
o sum of two Gaussians § { M
20 gl
e Background: e Lt
o Combinatorial: 3"-order Chebyshev polynomial 10 .
o B_ = J/WK" contribution: two Gaussians 0 6.8 6.9 70 71

M(B] z*7") = M(B)) + m. (GeV)
N(B_*(2S)") =67 +10 events
N(B.(2S)") =52+9 events
AM =28.9 + 1.5 MeV R™ =(3.47 = 0.63 (stat) = 0.33 (syst) )%,
R* = (4.69 = 0.71 (stat) == 0.56 (syst) )%,

R*T/R* =1.35 + 0.32 (stat) = 0.09 (syst).

Yields enter the ratios once corrected by relative
efficiencies (derived from MC studies)

Details on systematics in backup
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Differential cross section and dipion mass distribution
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https://arxiv.org/abs/1904.06732
https://arxiv.org/abs/1904.06732

CMS

Conclusions

e LHC provides high luminosity: heavy flavor production cross section several order of magnitudes

greater than at e-e colliders

e The CMS and ATLAS experiments at the LHC, together with LHCb, are able to investigate different

aspects of the B. meson: B_ production, B_ decays and B_ spectroscopy

e Precise measurements of Physics parameters with larger statistics and in different collision
environments (pp, PbPb, pPb) can rule out theoretical models and lead to further understanding

of the Quantum Chromo-Dynamics and Heavy Flavour Physics



THANKS FOR
YOUR ATTENTION



Heavy Flavour Physics at the LHC

LHC provides high luminosity for heavy flavour physics processes
Heavy flavor production cross section several order of magnitudes greater than at e-e colliders,

but the hadron collisions environment is characterized by complex initial state and high background
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The CMS detector at the Large Hadron Collider

General purpose detector with cylindrical symmetry and (almost) full coverage of the solid angle

CMS DETECTOR CTEEL RETURN YOKE ; T . T T

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS i o, im m m 4m
Overall diameter :15.0m Pixel (100x150 pm) ~1m? ~66M channels £
Overall ]ength :28.7m Microstrips (80x180 ym) ~200m? ~9.6M channels —

Electron X
Magneticfield :3.8T | [ 'I;'ham (eg.Pion)

g
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3

Muon

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, $76 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER
 Steel + Quartz fibres ~2,000 Channels

Strengths:

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PBWO, crystals

® muon reconstruction and identification

® large muons’ acceptance

HADRON CALORIMETER (HCAL)
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e high-performance tracking & vertexing




B_* production in PbPb collisions at CMS

Cms,

BDT results:
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FIG. 1. Template fit of the trimuon mass distributions in the three BDT bins, for the pp (top row) and Pb-Pb (bottom row) data samples
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integrated over the two studied kinematic regions. The lower panels show the pull between the data and the fitted distributions.
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B_* production in PbPb collisions at CMS

R, , for different heavy mesons

5.02 TeV PbPb (0.37-1.6 nb™ + pp (27-302 pb)
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Supplementary 2.
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FIG. 1. Nuclear modification factor of the B, meson com-
pared to that of light charged hadrons, and B™, B, and D’
mesons, as a function of the measured transverse momentum.
The total uncertainty is shown for the B meson. whereas
the statistical (bars) and systematic (filled rectangles) uncer-
tainties are shown for the other hadrons.
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FIG. 2. Nuclear modification factor of the B meson com-
pared to that of the ground and first excited states of char-
monia and bottomonia, as a function of the measured trans-
verse momentum. The total uncertainty is shown for the B
meson, whereas the statistical (bars) and systematic (filled
rectangles) uncertainties are shown for the other hadrons.



B_(2S): hyperfine structure

B.*(2S) » B_* " 1 followed by B."»B_Y,

Soft photon (55 MeV in the rest frame) not detected, we “virtual position” in the
end up seeing spectrum due to photon loss

[
BC*(2$)._> Bc .n.+ m pIus umissing energy” 25 B‘(zs—)C——'l:,Mev
Same final state as BC(2S) - B, T B,(25) T wv;;‘;_»igg,_;_j&,é g
A two-peak structure in the Bc " ™~ mass distribution is ii op | 77
expected, | C
with the B_(2S)* peak at a mass shifted by i i | " '
AM =[M(B_*) - M(B )] - [M(B_*(2S)) - M(B_(2S)] Lo
which is predicted to be around 20 MeV. | 7

|i Y
The two-peak can be appreciated only if AM value is larger ? i Thosold and dashod nes
than experimental resolution! B, ||/ ohotons and pion pars, respecivly
1S \\ ;I 55 MeV

Predictions indicate: B=ers N\

[M(B_*(1S)) - M(B_(1S))] > [M(B_*(2S)) - M(B (2S)]
that would imply that the
B_.*(2S) peak is the lower peak!



CMS,

B_(25): event selection

HLT Requirements (DoubleMu4_JpsiTrk_displaced):

- OS muon pairin [2.9, 3.3] GeV

- dimuon vertex x? probability > 10%

- distance of closest approach between muons < 0.5 cm
- significance(flight distance) > 3

- PLH) >4 GeV && In(u)l < 2.5

- cos(dimuon_transverse_pointing_angle) > 0.9 (¥

- third track (from pp-vtx, p. > 1.2 GeV, n < 2.5, sip > 2)

. . B.(2S) —» B m*
Offline requirements:

Muons matching trigger muons

High quality muons

IN(W! < 2.4 and cos(dimuon_transverse_pointing_angle) > 0.98 (¥
muons close in angular space: (An)? + (A¢)? < 1.22

Integrated Luminosity per year: 2.8, 361, 421, 61.6 fb

(*) cosine of the angle formed by the flight direction and the momentum in the transverse plane



BC reconstruction

B_candidates fit

Signal: weighted sum of two gaussians with same mean wCipn) +(1 -Gk %)
w =047 o, = 21 MeV o, = 42 MeV

Background:

- Combinatorial: Chebychev polynomial
- JJWK: shape from simulation

. : : ¢ Data
- J/Pm + X: ARGUS function 2000 3 ,. 41 ; B gl
(s=13TeV : © B B > Jjy x signal

B K
: W B a+X
¢ I Comb. backg.

N(B,) = 7629 +/- 225 events

Ilvr'rllrl

Events / 15 MeV
=y
S

6.2 6.3 6.4 6.5
M(Jly 77) (GeV)



B_(2S) cross section ratios

Reconstruction efficiencies (MC studies): Ceiitral ‘St Spread Piows

- statistical: finite size of simulated events €(B.(28)")/e(BY) 0196 11% 18% 4.2%
. . * y2 0,
- dispersion: average over four years €(B2(25)")/e(BY) B157 0%, “U6%H A2%

) . . e(Bi(2S)")/e(B.(2S)") 0955 14% 09%  —
- pions: 11 reconstruction efficiency

R+ R*t Rt+/R+

Systematic uncertainties: I+ ik miodel 35 83—
) ) Bt fit model 59 29 29
- from signal yield Efficiencies: statistical uncertainty 1.1 1.0 14
. . . Efficiencies: spread among years 1.8 1.6 0.9
(evaluated with different fit models) Rifciesiies: plo it &5 W
- from efficiency Decay kinematics 1.5, 69 42
) ) o ) ) Helicity angle 1.0 6.0 3.5

- from correlations in di-pion kinematics
Total 95 120 6.4

R* = (3.47 + 0.63 (stat) = 0.33 (syst))%,
R*" = (4.69 % 0.71 (stat) & 0.56 (syst) )%,
R*/RT =1.35 + 0.32 (stat) = 0.09 (syst).

Results:



