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In this note, we will discuss some of the latest high-precision measure-
ments performed by the Compact Muon Solenoid (CMS) experiment in the
B-physics sector of high energy physics.
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1. Introduction

CMS is a general-purpose detector, and it comprises a tracker, an elec-
tromagnetic calorimeter, and a hadron calorimeter surrounded by a solenoid
magnetic coil, which provides ~ 4T magnetic field, further covered by a
muon chamber. The proton beams delivered from the Large Hadron Col-
lider (LHC) collide at the heart of the CMS detector. To identify and
record interesting physics events, a two-tier trigger system is employed: a
hardware-based Level-1 (L1) trigger and a software-based High-Level Trig-
ger (HLT) [1]. The detector performance of the CMS is highly optimized,
resulting in excellent reconstruction efficiency of the desired particles. Uti-
lizing these advantages, CMS has already shown precise measurements in
the bottom physics sector. In the current proceedings, we will demonstrate
some of the precise measurements related to the spectroscopy of hadron
physics, the lepton flavor universality violation, and the studies in discrete
symmetries performed by the CMS Collaboration.

2. Spectroscopy
2.1.m— ptp
The Dalitz decay of the n(J7”¢ = 0~F) meson of mass 547.9 MeV into
four muons proceeds via the electromagnetic coupling of the pseudoscalar
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meson to the photon, where the photons are internally converted to pairs
of leptons. Observation of the n — 4u decay enhances the precision of the
Standard Model of particle physics, and simultaneously offers sensitivity to
a set of models corresponding to new physics scenarios [2]. In CMS, we
first observed the double-Dalitz decay of the n meson, n — ptu~putu™,
by making the usage of the /s = 13 TeV proton—proton (pp) collision data
collected by the CMS detector in the years 2017 and 2018 corresponding
to a total integrated luminosity of 101 fb~!. The branching fraction of the
n — ptp~ptuT decay, B(n — 4u), is estimated relative to the known
branching fraction of the 7 — 2u decay, B(n — 2u) = (5.8 £0.8) x 1076,
In order to select events corresponding to the above channels, the standard
dimuon triggers are utilized. These triggers require one muon with trans-
verse momentum pr larger than 12(15) GeV at L1 in 2017 (2018) and of
17 GeV at HLT. The second muon has pr < 5(7) GeV at level one in 2017
(2018) and 8 GeV at HLT. In order to improve the signal-over-background
ratio, oppositely-charged muons originating from common vertex are used
for the reconstruction of the 2u (4u) final state of the n meson within the
n meson mass range of 0.518-0.578 (0.46-0.90) GeV. As shown in Fig. 1,
left, the observed signal peak of the n meson in the signal mass window
0.53-0.57 GeV is fitted with a single-sided Crystal-Ball function, and the
background (n — (7t7 ptp=, utp=y, 7 770 707979 7t7=5)) with a
threshold function proportional to (ma4, — 4mu)6 , by making the usage of
binned maximum likelihood fit, where m, is the mass and j is the free
parameter. The clear yield of Ny, = 49.6 4= 8.1 number of signal events
over 16.6 &+ 0.6 background events, corresponds to a statistical significance
in excess of 5 standard deviations, estimated by utilizing a log-likelihood
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Fig. 1. Invariant mass distribution of the n — pu*u~ "~ process (left) and com-
parison of the pp between the signal, and the background (right) [2].
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ratio test with a saturated model [3], under signal-plus-background (S+B)
hypothesis compared to the background-only assumption. The agreement
between measured pr spectrum from the data and the predicted distribution
from the simulated events is shown in Fig. 1, right. The branching faction
of the decay n — 4u is determined using

Bayp _ Nay

Ba L i AL ’
* Zl,j ;;i AZ,LJL'
m

where the Ny, is the total signal yield of the n — 44 decay process, Ngﬂ
are the signal yields of 7 — 24 in bins 4, and j of the candidate n’s pr and
rapidity, and Ay, are the efficiencies. Given the known branching fraction of
the n — 2u process, the obtained branching fraction of the newly observed
decay n — 4u process is obtained to be

B(n — 4p) = [5.0 £ 0.8(stat.) £ 0.7(syst.) £ 0.7(Ba,)] x 1077, (2)

where the last term is the uncertainty related to the branching fraction in
B(n — 4u), and the result is in agreement with the theoretical prediction
(3.98£0.15) x 1079,

2.2. B — utu~

The rare decays of the B mesons are the sensitive probe of the BSM
physics. The measurement of the properties of the B — pu*pu~ decay pro-
cess obtained by using the pp collision data collected by the CMS detector in
2016-2018 corresponds to a total integrated luminosity of Li,; = 140 fb—1.
Two oppositely-charged muons are used to form the signals of the lep-
tonic B meson decays, and in order to further improve the signal yield,
several physics selections are applied. The known backgrounds are the
BY — utpu~ signals, partially reconstructed semileptonic backgrounds of
the B — h~pTv(hutp™) type, where the h € (7, K, p) represents a hadron,
the peaking background B — h™h™~, and the combinatorial background. In
order to extract the branching fraction, signal yield and the effective lifetime
of the ¢ — p*u~ channels, such as BT — J/w K+, BY — J/1¢(1020), are
used as the control channels. The branching fraction of the decay process
BY = ptu~ (B — ptp~) is determined using

Ny fuely -
B(B) = putu”) = NB+§ZOZB (BT = J/WK)B(J/Y = pn™), (3)
obs 78 “tO
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where the uncertainty on the fragmentation fraction (for B, the ratio is %)
depends on the normalization channel BY — J/1¢(1020)

B(B) — utp~) = [3.83%035 (stat.) 256 (syst) 205 (fs/ fu)] x 1079,
Tty = [1.83f8:§g(stat.)gjgi(syst.)] PS. (4)

A 2D unbinned maximum likelihood (UML) fit is performed to obtain the
effective lifetime of the decay process B — uTu~, in which the decay
time efficiencies €(t) corresponding to each type of the background are also
considered. The results of the branching fraction and the effective lifetime
obtained from the UML fit are shown in Eq. (4). Figure 2, left shows the
profile likelihood as a function of the branching fraction in the corresponding
decays, Fig. 2 middle and Fig. 2, right show the UML fit to the invariant
mass distribution and the effective lifetime distribution of the decay process
BY = ptp 4]
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Fig.2. Left: The 2D contour of the profile likelihood as a function of the branching
fraction of the BY — putpu~ and B® — ptp~ decays, enclose the 1-50 region,
where 1,2, and 30 regions correspond to 68.3, 95.4, and 99.7% of confidence levels
respectively. Middle and right: Two-dimensional UML fit to the invariant mass
distribution and effective lifetime of the decay process BY — utu~ respectively.
The solid blue curves represent the final fit projection, whereas the individual com-
ponents are represented by the dashed lines (backgrounds) and hatched histograms
(signals) [4].

3. Lepton flavour universality violation
3.1. 7 = 3u

The branching fraction of the lepton flavor violating decay process 7 —
3 is around B(1 — 3u) ~ O(10719) in various BSM scenarios [5]. The mea-
surement of B(7 — 3pu) is determined using the pp collision data collected
in 2017 and in 2018 which corresponds to a total integrated luminosity of
97.7 fb~!, and the obtained result is further combined with previously mea-
sured result of 2016 data [6]. The measurement exploits the production of
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tau lepton in both heavy-flavor decays, such as, Df — 7+, Bt/B% —
7 + X, and also in W-boson decays, W+ — 77v,. The decay process
Df — ¢rt — ptp~ 7wt is used as the normalization channel in the heavy-
flavor decays. The three muon yields in each case are related to the branching
fraction, as

reco 2utrig

Df = v, Asu(D) (D) ©
N3u(D) = Nuur +B( s 7o) uD) D) guiD')B(T% 3u).
B (DY — ¢rt = ptp—7t) Apyn €552 lipir
B(B — tTX)

N. = N,ur
) = N B DF LX) B(DF = ont — )
A ereco 62#131”1%
o 223u(B) “3u(B) “3u(B) B

reco 2utrig
‘AMNW €ppm Eppm

N3,y = Lo(pp = W + X)BW — 1v7) Az, €3, B(T — 3p)

(1 —3u),

where A is the detector acceptance, €¢°("12) is the selection (trigger) ef-
ficiency, f is the ratio of the cross sections, f = (pp — B + X)B(B —
Df + X)/o(pp — D + X). The signal-to-background ratio is optimized
using the Boosted Decision Tree (BDT) algorithm and, finally, three mass
resolution categories are introduced, A : o, = 12 MeV, o, /m < 0.07%,
B : 0y = 19 MeV, 0.07 < op,/m < 1.05%, C : o, = 25 MeV, op,/m >
1.05%. The signal region for each category includes the candidates with
trimuon invariant masses within twice the mass resolution. A background-
only fit is performed, and the observed (expected) upper limit on the branch-
ing fraction from the data of 2017-2018, which is then further combined with
2016, are C.L. — 90% : 2.9(2.4) x 1078, and C.L. — 95% : 3.6(3.0) x 1078
(Fig. 3).
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Fig.3. Observed and expected upper limit on B(r — 3u) at 90% C.L., from the
heavy-flavor analysis and the W-boson analysis, the combination of the two anal-
yses, and the combination with the result of the 2016 data [6].
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3.2. R(J/¥) : Bf — J/vrtu,

The measurement of R(.J/1) in the semitauonic channel Bf — J/¢7t v,
is performed by exploiting the ratio of the branching fractions

B(B} — J/y1rv;)

(®)

where J/¢ — ptp~, 77 — ptyurs, and in both cases, the final state
comprises three muons, while using 2018 pp collision data corresponding
to 59.7 fb~! integrated luminosity. The events are selected with three
muons, the requirement of the transverse momentum on the leading muon
is pr > 5 GeV, the sub-leading muon is pt > 3 GeV, and no pr requirement
for sub-sub-leading muon. Two oppositely charged muons must originate
from the common vertex of the J/v, and the muon, which is not originating
from such a vertex is referred to as the third muon in the event. Several se-
lection criteria are also applied in order to increase signal-over-background
ratio, most importantly three observables with the highest discriminating
power, namely the squared four-momentum transfer to the lepton system,
¢ = (ij - pj/¢)2, significance of the 3D impact parameter IP3D/orp3p,
and the transverse decay length significance Ly /or,,. The p Bt s defined
},’;f and p})’ﬁ
momentum of the visible decay products (3u). Figure 4 shows how the dis-
criminators could clearly separate the signal from the different backgrounds,
such as fakes, J/Y(utu~) + h(h € m,K) or Hy — J/Y(utpu~) + pt. The
measured value of R(J/v) is found to be

as the Pp+ = Mp+ / mgﬁ . p},’;f, where m are the mass and four-

R(J/v) = 0.17%¢% - (stat.) 135 (syst.) “5% s (theo.) . (6)

This result is within 0.3¢ (1.30) of the result from SM [8] (LHCb [9]).
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Fig.4. The three discriminators with the highest discriminating power, transverse
decay length significance (left), significance of 3D impact parameter (middle), and
the four-momentum transfer to the lepton system (right) [7].
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3.3. R(K) : B* — K+t~

Limited by the statistical uncertainty in the electron channel, the mea-
surement of the R(K) utilizes pp collisions data corresponding to integrated
luminosity of 41.6 + 1.0 fb~! (2018). The measurement of R(K) is found
through the double ratio

B(BY = Ktutu™) (¢*)  B(BT = Ktete) (¢%)
BB = J/o(tu ) K+) B(B* = Jjp (ere ) K+

Several physics selections are applied based on the kinematic observables to
enhance the signal yield in both electron and muon channels. The invariant
mass distribution in both electron and muon channels shown in Fig. 5 depicts
the fit of the mass distribution with complimentary probability distribution
functions for both signal and background respectively. A dedicated low mo-
mentum algorithm (LP) is devised to deal with the systematic uncertainties
of the electron, and the measurement is performed in three different reso-
nance bins of the ¢>. The measured value of the R(K) and the integrated
branching fraction in the muon channel are found to be

R(K)=0.78%04  B(KTutu™) = (124240.68) x 1075, (8)

R(K) (¢*) = 7)

The uncertainties in the results demonstrate both statistical and systematic
uncertainty [10].
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Fig.5. (Color online) The fitted invariant mass distribution in both muon and
electron channels, where the total fit is projected as the solid red line and the
components are in dashed lines [10].

4. Studies of discrete symmetries

4.1. ¢s : BY — J /¢ (1020)
The measurement of the CP-violating weak phase ¢4 in the B? — J /¢
channel is highly sensitive to the BSM physics. The value of ¢ is extracted
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by performing a flavor-tagged time-dependent angular analysis using pp col-
lision data collected in the 2017-2018 data-taking period corresponding to
a total integrated luminosity of 96.4 fb=! at /s = 13 TeV. The flavor tag-
ging is required to identify the initial state', and the angular analysis is
required to disentangle the mixing of the odd and even CP flavor states in
the decay products. An opposite side DNN-based flavor tagging algorithm
is employed to infer the probability of identification of the initial flavor of
BY or BY . The determined maximum attainable flavor tagging efficiency
is ~ 50%, where the event selection is optimized using a genetic algorithm.
A multidimensional unbinned maximum likelihood fit model is employed in
order to extract the values of the weak phase ¢, the decay width difference
AT, the oscillation frequency Amyg, and the direct CP-violating parame-
ter [A|. The model inputs are the invariant mass distribution mpo of the

B? candidate, the decay time c7, the decay time uncertainty Acr, per event
mistag probability w, the tag decision &, the three angles, the efficiency of the
decay time €(c7), and the angular efficiency €(©@). The three angles (©) are
defined in the transversity basis of B? decay frame, namely the polar(ft),
and azimuthal angle (¢7) of the final-state particle u™, in the rest frame of
the intermediate decay product of J/1 mesons rest frame, and the helicity
angle (¢r) of KT, in the rest frame of the decay product of ¢(1020) mesons
rest frame. The measured results are ¢, = —11+50 (stat.) £10 (syst.) mrad,

CMS 19.7 +96.4 fb' (8 + 13 TeV)

— R
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0.14F}
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Fig. 6. The two-dimensional likelihood contours at 68% C.L. in the ¢,—ATI, plane,

for the CMS 8 TeV (dashed line), 13 TeV (dotted line), and combined (solid line)
results. The SM prediction is shown with the diamond marker [11].

! Due to B%-B? mixing, the initial state is not predefined.
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ATy = 0.1140.014 (stat.)£0.007 (syst.) ps—!, Amy = 17.51+£7 -0 (stat.)+
0.03 (syst.) ips~! and |A| = 0.972 4 0.026(stat.) + 0.003(syst.). The 13 TeV
results are further combined with the results of the weak phase and the de-
cay width difference obtained at /s = 8 TeV, and the combined values are
¢s = —21 £ 44 (stat.) £ 10 (syst.) mrad, and ATy = 0.1032 £+ 0.0095 (stat.) +
0.0048 (syst.) ps—*. As shown in the two dimensional ¢s~ AT, plane of Fig. 6,
the results are consistent with the predicted values of the SM and the details
of the references can be found in the Ref. [11].

4.2. Apg, F1, : BT — K*+/L+M_

The measurement of the forward—backward asymmetry (App) and the
longitudinal polarization (FL) in the decay process BT — K*Tputpu™ is uti-
lizing 20 fb~! of pp collision data collected at /s = 8 TeV. This is also an
angular analysis where the angle 0 is defined in the K**(— K%7T) rest
frame and 6; is defined in the u™pu~ rest frame.

Physics selections are employed in order to increase the signal efficiency,
and the values of the App and the Fy, are extracted by performing an binned
maximum likelihood fit to the differential decay distribution. The multidi-
mensional likelihood model does incorporate the invariant mass distribution,
the angles , and the angular efficiency. The analysis is performed in three
different bins of ¢?, as shown in Fig. 7, where the vertical shaded regions cor-
respond to the regions dominated by BT — K**.J/1) and Bt — K**1(25)
decays. The results, shown with the black square, comprise both statisti-
cal and systematic uncertainties. Corresponding SM predictions are also
displayed (blue dots) to show that the measurements are consistent with
SM [12].
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Fig. 7. (Color online) The measured values of App (left) and the Fy, (right) versus ¢*
for Bt — K*tputpu~ decays are shown with the filled squares, centered on the ¢
bin. The statistical (total) uncertainty is shown by inner (outer) vertical bars [12].
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5. Conclusion

We have discussed some of the flagship analyses of the B-physics sector

performed by the CMS experiment looking forward to unfolding various
unknown features of flavor physics in the upcoming hi-luminosity era of the

LHC.
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