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Introduction

CMS Integrated Luminosity, pp, vs= 13 TeV

Data included from 2015-06-03 08:41 to 2018-10-26 08:23 UTC
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e 160 fb! has been delivered by the LHC
in Run 2 (2015-2018) at Vs=13 TeV.

e \ery efficient data collection by CMS
with improved track momentum resolution—>
recorded over 140 fb! of physics-quality data.

e Ingenious trigger algorithms were developed
for efficient online event selection.

CMS 1s contributing
intensively into the heavy flavor

In this talk selected recent highlights from 13 and 8 TeV data samples will be discussed
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CMS: Production of A.* In pp and OIS PAS HIN-L8.009
PbPb collisions at Vsy, = 5.02 TeV

More details in Rui Xiao’s talk

¢ Different mechanisms dominate the interaction between heavy quarks and the medium.

e In relativistic HI collisions, in addition to the fragmentation process in pp, hadron production
can also occur via coalescence.

e The coalescence contribution to the baryons production is expected to be more significant
than for mesons because of their large number of constituent quarks.

check it in experiment! (A */ DY)
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CMS: Production of A_.* in pp and PbPb collisions
at Vs, = 5.02 TeV

CMS PAS HIN-18-009

PbPb 44 ub™”, pp 38 nb™' (5.02 TeV :
0.7 0 o ( ) More details and
-CMS pE Data more comparisons
_ 4 PYTHIA8 + CR in Rui Xiao’s talk
S - PbPb EPJC78 (2018) 348
0 0.5 — m Data: Cent. 0-100% .... grXiv:1902.08889
+ -
DD £ PbPb ~ pp resultin 10-20 GeV/c,
— 0.4~ S suggests no significant contribution
g - - from coalescence in PbPb for p, > 10
IO r "o
< 0.3 St ‘+f
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+<DO.2 i_ —3¢ ~ | describes data. JHEP 08 (2015) 003
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CMS: Nuclear modification factor for
DO in PbPb collisions at Vs, = 5.02 TeV

More details in

27.4 pb™ (5.02 TeV pp) + 530 pb™' (5.02 TeV PbPb) Cheng Chich Peng’s talk
16; CMS III DC' + DD
14:_ ® charged hadrons
12" | D° R,, at 5.02 TeV PbPb
- T,, and lumi. | )
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. B By +
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Phys.Lett. B 782, 474 (2018) (6)



CMS: Ry, for B and B
in PbPb collisions at Vs, = 5.02 TeV

More details in
Fugiang Wang’s talk

28 pb™' (pp) + 351 ub™ (PbPb) 5.02 TeV
" CMS ¥ BY

: 2.4
e Indication of less Bs suppression. vl < « B
¢ \With 2018 heavy ions data — TAMU
there will be more precise measurement
P CUJET3.0

2.5

arXiv:1810.03022

B* Rya ~0.3—0.6 with

no evidence for any trend,
within uncertainties. 0.5
compatible with theory within
errors for pt 10-50 GeV
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Highlights on heavy flavor
from pp collisions
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CMS: Observation of two resolved states 7, 2(SP)

The history of the topic:
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CMS: Observation of two resolved states y,; ,(3P)

Motivation: PRL 121 (2018) 092002
* The (bb-bar) family plays a special role in understanding how the strong force binds quarks.

Particularly stringent tests of current theories of quarkonium production can be achieved by
examining the individual spin states of the quarkonium multiplets.

BB*-bar threshold

Ypo(3P) Xp13P) Xpo3P)
;
e Measurements of the masses of the s ; .
. . - s %5 2P b2
Yy (3P) triplet states probe details of ML =

the bb-bar interaction and test
theoretical treatments of the

influence of open-beauty states on the
bottomonium spectrum.

»
>

hadrons 7oy * e

invariant mass

e The observation of a doublet structure e e . .
in the 10.5 Gev peak Should Confirm Picture from : V.. Kniinz, Measurement of Quarkonium Polarization to Probe QCD - DO/ 10.1007/978-3-319-49935-2_2

the nature of the state and clarify the existence or absence of effects induced

by the nearby open-beauty threshold. (10)
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MS: Observation of two resolved states y, ,(3P)

CMS
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PRL 121 (2018) 092002

«—

Upsilon(1,2,3S) sample

» Analyzing the full LHC Run 2 dataset (13 TeV, 80 fb-1), CMS has observed for the first
time the split in the }b1 (3P) - Xb2 (3P) doublet and measured the masses of the two

states

> Xb(3P) is reconstructed in Y(3S) + y mode. The low energy y is detected through

y—e*e" conversion inside the silicon tracker "%°F cmE
. C
i aal : %9, From measurement of ~ ©~"* ™
- Photon energy scale is calibrated using 2 AN
% rconl Ty WY
high yield Xe1 = J/B + y samples for high £ 0.990 — -
o N
accuracy mass measurements 2 .
£ (.985 —
l :
~ Tested with xb {1P, EP} states 0.980 — o 2015+2016; L = 37.9 b
» 2017;L =421 fb™
i L L L | L L L
0 & I:'.]I
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CMS: Observation of two resolved states 7, ,(3P)
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10.4

Mi: = 10513.42 = 0.41(stat) £ 0.18(syst) MeV
M2 = 10524.02 + 0.57(stat) £ 0.18(syst) MeV

J=1,2 states well resolved for the first time
Significantly constrains theoretical predictions, which give mass splits in the range [-2, 18] GeV

Signal peaks: double-sided Crystal Ball

PRL 121 (2018) 092002

CMS

_ | N=372+36

is =13 TeV

L = 80.0 fb” - >96

— Total fit ;'; ) -

- Signal y,__(3P) Y e Y
Background .: 5+;! '; ’

LMY andt=aeist
b W i ‘L .|-|| .I"'-I..-"-J-.. v 0
10.45 10.5 10.565 10.6

¥(35) v invariant mass (GeV)

AM = 10.6 = 0.64(stat) + 0.17(syst) MeV

This result strongly disfavours the breaking of the conventional pattern

of splittings and supports the standard mass hierarchy.

This measurement fills a gép in the spin—dépendeﬁt bottomonium spectrum below the open-
beauty threshold and should significantly contribute to an improved understanding of the non-
perturbative spin-orbit interactions affecting quarkonium spectroscopy.

(12)




CMS: Studies of B.,*(5840)° and B,(5830)° decaying into

B*K- and observation of B_,*(5840)° - B° K

EPJC (2018) 78:939

B,*(5840)° > B* K- B,,*(5840)° > B0 K0
CMS l 19.6 fb' (8 TeV) 0 CMS 19.6 fb' (8 TeV)
= F = U
O C + Data o F + Data ;
= 3500F (3) —Fit = | (b) —Fit 15t observation
~ F  — Signals ~%F ' __signals
— 3000 --- Comb. bkg. —~ --- Comb. bkg.
2 - - -- Reflections 8 50 - -.KesT swap ||
< 2500 s
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Masses, AM and ratios of o*Br measured.

Results are in agreement with existing First observation of the decay B.;—B°K®
measurements by CDF and LHCb

LHCb 2013: doi:10.1103/PhysRevLett.110.151803
CDF 2014: doi:10.1103/PhysRevD.90.012013

First evidence of the decay B.,—B™K?

(13)



Events / 20 MeV

MeV/c?)

Candidates / (28

Excited B_* states

PRL 113. 212004 (2014)

40

ATLAS

The spectrum of B, (bc) states will help
to understand in a greater depth the
dynamics of heavy-heavy quark systems

35 Q&“ =288+ 5MeV B“’(ZS)
i ij=192m" Oppe = 18 4MeV w:
fa=8Tev i ATLAS reported 25 N AM 2
25 D | the observation (5.4c) e B* (25
pp[-  combinati 7Yl of a new state with T - (25)
e - mass consistent with T TR
predictions for the Bc(2S)+. :" Bc
10 o They used Run I data. 1S : [
5 N ; Y AM,
070 20 a0 400 500 60 700 B; -
m(B_x)-m(B,)-2m(r) [MeV]
R R —: [M(B,(1S)) - M(B(1S)) ] > [M(B,(2S)) - M(B(2S) ]
ke F=8Tev B.(2S)* = B*m*m followedby B* —+B_y,_,
250F : B(2S) - B_mm
200F | LHCb with 3325+-73
150 4 Bc+ (8 TeV data): X
b 4 “no significant signal .
100 o . fouid” y Two-peak structure with the B (2S)*
S0F peak at a mass shifted by
0: 2220l N / | i AR,
6600 6800 7000 7200 AM=[M(B *)-M(B )]-[M(B (25)") - M(B (25) ]
M(B x*7) [MeV/e}) “ = © c

Theory predicts ~20 MeV (14)



CMS: Selection of excited B.* candidates
[Phys.Rev.Lett. 122 (2019) 132001]

. !
'|T1
Iy Reconstructed ground state Bc+
- CMS ¢ Data
2000 L=143fb" » : — Fitresult
. L {s=13TeV : B: — Jiy #* signal
. A m - B! — Jiy K’
B / 2 > L :
“/ M ®© 1500 ' \ okl
S = _ Comb. backg.
o) L \( _
>~ ~7600 candidates
p p » 1000 ;
c "_'\!‘*‘\f /
B,(25) - B_ ' © R i
iT S
B g2 A
500 — Y
fi : \“'w—.u,_g .,
Full Run Il data analysis, Bc+ — Jy n+ I : i - :
Selection: 6.0 6.1 6.2 6.3 6.4 6.5
elecuon: M(J/W 71'+) (GeV)

Pt(pil —from Bc) >3.5 GeV;,
Bc meson momentum (pt>15 GeV) should point to the PV in xy;
Pi2 (pt>0.8) and pi3 (pt>0.6) are tracks from PV which are combined with Bc+;

keep only one Bc+ pi2 pi3 combination with highest pt.
(15)



CMS: Observation of two excited B.* states and
measurement of B,(2S)" Mass  prysrev.Let 122 2019) 132001)

CMS Experiment at the LHC, CERN

E- CMS ¢ Data S| Deta recorded: 2018-May-06 20:12:48.117508 GMT
- = % — Fit resul P& | Run/Event/LS: 315790 /219250777 / 309
60 -¢L§=11433Tﬂ;v | Si:;;nal t
B ' B(J/y K"} n*x
% 50— Comb. backg.
= _ Bc(2S)*
249t ersi0 R LK
2 30- 1, 5110 .7[*
S , Xﬁ-#’ *}{+
i 20 |
: § | e
10— £ '1}14' ? 4 {—f {
Omﬁ-ﬁ L __Lélg S
M(B, 7°5°) - M(B!) + mg, (GeV) o e (2
Mass resolution from MC ~ 6 MeV M
B, (25]
Two-peak structure observed, well resolved: T .
AM = AM1- AM2 = 29.1+ 15+ 0.7 MeV, Ly B
each with > 5 o significance —
G SIg 15 \ | A M,
: : A B |
Mass of Bc+(2S): 6871.0 & 1.2(stat) & 0.8(syst) & 0.8(B. ) MeV B:

(16)



LHCDb has confirmed the two-peaks structure

arXiv: 1904.00081,

45 RN RN '—'+;r')m;'. T submitted to PRL
40E LHCb Run 1+Run 2 Total fit

15 B:(2S) 15t peak:

* B3 B.2S) fiE — —

. _ local signif.=6.8c, N=51+10
30 [ = == Combinatorial

Candidates / (3 MeV/c?)

Same-sign

Z ,_ 2nd peak:
20 J ¥ q local signif.=3.2c, N=24+9
(5| \ £
“ N ¢ .
10 Exe s + [H 3 ',§' ' T -!i !I et I=5 Smaller yields
B ’ { § b ﬂ $ Y in comparison with CMS.
0t T et T e M) Sy \%\ L 't = e B e ey e (ke

500 550 600 650 700

AM [MeV/c?]

The mass of Bc(2S)+ and AM are in agreement with CMS
and statistical errors are similar:

e i 25), wev

CMS 6871.0+1.2+£0.8+0.8 29.1+1.5+0.7

LHCb 6872.1+1.3+0.1+0.8 31.0+1.4+0.0 a7



CMS StUdy Of B"' —> J/\V /_\ p CMS-PAS-BPH-18-005

Motivation and experimental situation
M(J/wA) and M(J/yp) study

Measurement of the B(B™ — J/ wﬂp)

The study 1s motivated by the
recent observation of P7. states by
LHCD collaboration i JAyp system.
This decay provides a possibility to

The only available measurement at the
moment performed by Belle in 2005 with a
large uncertainty

study both J/wA and Jhyp systems. Phys.Rev. D72:051105, 2005

"u ? H No 8 E 1 1 ! ! | T L= e 5 I I T T T 1 3 8 E T ! T I T ! ! T E
2 e © STE @MU 1 7EF (MR 1 7F @m@p E
= Q E E 3 = 3
o = 6F q 6F 4 6E E
o 5 es5F 4 sF 4 SF E
& 4 E: 3 ERN _ _; 4 i_ _;
B3 3 3 1 sf =
3 0 2 4 2F 4 2 =

1 %2 4.3 % . a2 2 2.1 2.2
_ mass(GeV.'cz)

%2 522 s52a 526 528 53
M (GeVic®)

Also, LHCb Collaboration recently observed

Bc+ — Jhy ppr,[1] BsO — Jhy pp and BO — Jhy pp [2]
but no studies of J/\y p masses have been reported.
Br.fr=(11.6 + 2.8 *18 ,.) x10-6 | [1] PRL 113 (2014) 153003 ; [2] PRL 122 (2019) 191804.

Only 16 events in the signal region

(18)



C

This study is based on 2012 8 TeV data (19.6 fbt)

-
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MS:  Study of B* — Jhw A p CHS PAS BPF16.005

CMS 19.6 b (8 TeV)
B 4 Data

. - Fit

-  —B"signal I S=452+23

. ---Comb. bkg.

o
(V)

M(JRp) [GeV]

BB = Jlyl\p)
BBt — JIwK™)

The B+ — Jy K*+ — J/y (KOs 1t+)
was chosen as a normalization channel
since it has the same decay topology
and measured with high precision

CMS Preliminary 19.6 o' (8 Tev)

¢+ Data
—Fit

(0.002)

— Signals

1000

Events /

500

= (1.054 £ 0.057(stat.) £ 0.028(syst.) £0.011(br.)) X 1072,

and using B(B~ — ﬂw,l;’*—j — (1.43 +0.08) x 1072
BBT = Jhwylp) = (15.07 £0.81(stat.) £ 0.40(syst.) = 0.86(br.)) x 107°

PDG mean value of B(BT — JiyAp) = (11.8+3.1) x 10°°®

The latest Belle measurement B(BT — JlyAp) = (11.7 £ 2-33:?] x 107° (19)



CMS:

Study of B* — Jiw A p

CMS-PAS-BPH-18-005

Comparison of phase space MC with efficiency corrected data

The significance of incompatibility with the phase space

and > 3.4c for A p mass spectra, including systematics.

CMS Preliminary

19.6fb " (8 TeV)

+ Data

—Simulated PS

IR
|

* Significance = 4.50'|

_ CMS Prefiminary 19.6 b (8 TeV)
§120003— { Data
<10000F —simuiated P hypothesis is > 5.5¢ for Jy A, > 6o for J/
s yp v v p
¥ 6000%—
40002_ H ] } } . FMS Preliminary
> [ o &12000(~ ’ { Data
2000( Significance = 7.66 = r
r —10000~ —Simulated PS
O%~404 406 408 a1 412 414 416 B so0ok. ‘
M(J/w B), [GeV] LG;J :
6000| -
4000?— l 1 ‘
- - 000 Significance = 6.5¢ uo?mooo_—
The 5|gn|f|cance of data O s asd s i a3 am s o
- ay sgm . ~ 8000
incompatibility with data M . BV
is calculated using likelihood ratio method g 00F
4000+
2000
.

Before assuming new resonances, one should exclude

another non-exotic scenarios

e b b e b B Lo amlB s
206 2.08 21 212 214 216 2.18
M@P A), [GeV]

——>

(20)



CMS: Study of B* — Jhy A p

CMS-PAS-BPH-18-005

Model-independent approach: method of moments

e Introduced by BaBar [PRD 79 (2009) 112001] and then used by

LHCb [PRD 92 (2015) 112009, PRL 117 (2016) 082002];

e There are 3 known K* resonances that can decay to Ap, so these K*’s can contribute to the

2-body invariant mass distributions;

e In each M(A p) bin, the cos(0~) distribution can be expressed as an expansion in terms of

Legendre polinomials: AN !

dcosfOgx iz

f(Pjg)ﬂ(cos O+ )
0

where 0~ Is the helicity angle defined as the angle between A momentum and B+

momentum in the Ap rest frame;

+
v{”

9 VA
Opge~s, Ty 277 Ty K 4l Oy
- - —>* >
‘h.“ e B+
b &
oA p
- . . p
e Forl,,, = 2xJ, where J is the total spin of ~Scsonance | Mass, MeV | Natural width, MeV | J-
he highest-spin K*, one can take K4(2085) 20959 19830 :

the hig P ’ K$(2250)" | 2247417 180 + 30 2
Into account all these K* — Ap. KZ(2320)7 | 2324+ 24 150 + 30 3+

e From table | ., = 2x4=8.

(21)



CMS Study Of B+ N J/WT\ p CMS-PAS-BPH-18-005

Simulation reweighting according to the observed structure in Ap

CMS 19.6 fb' (8 TeV) CMS 19.6 o' (8 TeV)
3 10000~ ¢ Data 0 - 4 Data
= [ = pure phase space 21 ooo0O- |  wmm Pure phase space
0 i Pl it L = & 0 C —— <P> With | = 8
= 8000— —<PFj>wi = = = vuneens £0OSH - fit
o L b o) cos@, - fi
© [ e ® 8000 :
> 6000 I Fel p SR I P S X6 e
- o 6000 =
4000 e A - ' R
- 40001 } ]
2000:— 2000 } -.
0_| coe e oo b b e o Loy g 0: L e v e b e v b e e e b |
404 406 408 41 412 414 416 422 424 426 428 43 432 434
M(J/wp) [GeV] M(J/yA) [GeV]
. - CMS 19.6 b (8 TeV)
A model-independent approach that accounts for the 2 ook l +oua
contribution from known K*’s with spins up to 4 in the 3 g000]- <P i =3
>

Ap system improves the agreement with data significantly! ool l} ------------- l ...... ]

2000} f

Compatibility with data (incompatibility < 3 ¢ including syst.) o s ok
.. . c 5 c M(Ap) [GeV]
eliminating the need for exotic resonances in this 3-body decay 2




CMS: Search for charge-lepton flavor violating t — 3

| . R0 u
e Many New-Physics models predict Br.fr. enhancement .(Aeﬂ\ 7/
e Previous searches were performed by ot Al b
Belle[1], BaBar[2], LHCDb[3], ATLAS[4] ®
" l
T v,V

[1]Phys. Lett. B687 (2010) 139143
[2]Phys. Rev. D81 (2010) 111101

[3]JHEP 02 (2015) 121 e Most stringent limit by Belle[1]: Br.fr < 2.1 10°® @90%CL
[4]Eur. Phys. J. C (2016) 76:232

e New CMS analysis: search for t — 3 in a sample of 1’s produced in D and B decays
using data collected in 2016 (33 fb1)

CMS Frafiminary 33t (13 TeV) CMS Froiminary 33 1 {3 TeV)
0000 . . j-E'J i AR ALY LR LARNERALE LELLE LARLN LAY |
; Normalization channel g
00— ' Esﬁ w oot 4 Dafa
e o, L Ds+ — ¢t — (ut+p-)m+ N [Jowan,
sooaol- - Background . D

Fraction of Ds+ from B decays ” 1

10000]

o(pp — B)B(B — D_+...)

o(pp —+ D)
Q0 M Q02 003 004 005 006 007 008 008 O

T TN T 1 B |S extractea 1rom a [empla[e Tlt Proper decay length (cm)
to the proper decay length (23)

f =




CMS: Search fort — 3u

CME  Predimiinary 33 ik’ (13 TeV)
Jl R —%Legories by mass resolution due to different muon rapidity;
0.08 ] —MC -
| .+ ethentrain BDT discriminator using vertex and muon qualities;
004 1 1 | output for each resolution category divided into
ook [ R[4 ' 3 categories (1 is rejected)
s b2

amm o ML fit performed simultaneously on the 6 categories

> 180 WS Prolminery 3817 (13 TeV)

| ] ‘“'*H o
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Although designed for high-pt physics, Sum mary
CMS is good experiment for heavy flavor physics

for both pp and PbPb collisions!

e New results on Heavy Flavor form HI collisions:

- measurement of Ac pt spectrum, R, , and Ac/D?
- measurement of D suppression

- measurement of B+ and Bs’ R, ,
e First observation of two resolved states y, ,(3P):
measurement of their masses and mass difference.

e Study of B,,*(5840)" — B*K- and observation of B,,*(5840)° — B? K°_:

measurement of many mass values and ratios of production Xsection;
many of them for the first time.

e Observation of two excited Bc+ states and measurement of B¢(2S)+ mass:

first observation of two distinct states Bc(2S)+ and Bc(2S)*+.
e Study of B+ —» Jhy A p:
the accuracy in measured Br.fr. is the best to date;
the study of 2-body inv.mass distributions resulted in conclusion
that no new resonances are needed.
e Search for charged lepton flavor violating decay T — 3u

no excess observed, UL set: Br.fr. <8.8x10-% @90% CL.
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