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Qutline

Intfroduction & HF program.
* b hadron lifetimes [arXiv:1710.08949, accepted by EPJC].

* Ap polarization and parameters of the Ap = J/y A decay
[PRD 97, 072010 (2018)].

* Cross sections of J/y, ¢(2S) and Y(nS) (n=1,2,3)
[PLB 780, 251 (2018)].

*x Search for resonances in the Bstt mass spectrum
[PRL 120, 202005 (2018)].

* Summary.




Introduction

* LHC: pp collisions @ 7-8 (Run |) & CMS heavy flavors program +»
13 TeV (Runll) =large b and ¢ Excellent u ID + Track and

hadron production. vertex reconstruction

* Precise measurements

L ECAL o wei :
of b hadrons and qgz CMS Queradameer © 160°m’

Magnetic field : 4 Tesla

properties help to
improve or constrain
QCD-inspired
models. RGN YR

* CMS heavy flavors

physics results are
competitive or complementary
with respect to other experiments.
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Dimuon trigger

L=3.9fb"(Vs=13 TeV, 2017)
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b hadron lifetimes

B-lifetimes determine importance of non-

spectator contributions.

Discrepancies among previous

measurements of, e.g., Ap & Bc* lifetimes:

LI B B B B B S L | Experiment
. LHCb (2013) [JAypK]
Ab e CMS (2012) [JiyA]
. ATLAS (2012) [JAyAl
—_— DO (2012) [JApA]
R CDF (2011) [JiyA]
CDF (2010) [Alm]
— DO (2007) [J/yA]
S \\

DO (2007) [Semileptonic decay]

DLPH (1999) [Semileptonic decay]
ALEP (1998) [Semileptonic decay]

OPAL (1998) [Semileptonic decay |

CDF (1996) [Scmileptonic decay]
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http://www.quantumdiaries.org/tag/b-physics/
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LHCDb results significantly larger than Tevatron
measurements
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Measurement strategy

* Measurements based on reconstruction of

‘ . C%WP the fransverse decay length Lxy and UML fits
B* K*

of reco. mass (M), ct and oct of the b hadron:

Lx 7‘ [(PDG)
v L7 b-hadron decay, or

B ct = cLyy—2— (ct>200 um)
Primary O pT

PDF = fsMs(M)Ts(Ct)Es(O'ct) +(1 - fS)MB(M)TB(Ct)EB(Uct)

This way, we measure teoipk*, To-J/yks, Tas—Jya, The effective Bs lifetime
T8-J/yo (final states are admixture of CP eigenstates), and the CP-odd
lifetime te,—yymr ~ 1/TH = tH (lifetime of heavy mass state).

B*—J/yK*: reference mode, for evaluation of syst. uncertainties.
The Bt lifetime is obtained through the ratio of the B+ & B+ ¢t signal

histograms, where the ct resolution “r(ct)” is shown to ~cancel out:
ey (ct)[r(ct) ® Egy (ct)] 1 il

Ng: (ct) - -
No- () — <) = ey (e @ Ege (e)] ~ Re(D@P-AID, AT= oo — o
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Mass distributions

CMS 19.7 b (8 TeV)
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cMms 19.7 fb™ (8 TeV)
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ct fits (e.g.)

CMS 19.7 6" (8 TeV) CMS 19.7 b (8 TeV)
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Accepted by EP]JC R 1
(arXiv:1710.08949) esu tS
CTRO, JjyK*(892)0 = 453.0 = 1.6 (stat) & 1.8 (syst) pum ctgo = 454.1 + 1.4 (stat) + 1.7 (syst) pum
CTBO L J/yKY = 457.0 + 2.7 (stat) £ 2.8 (syst) u vs. 455.7 + 1.2 um (HFAG)
(stat) (
(stat) (

CTBI ypmt m- = 502.7 £ 10.2 (stat) & 3.4 (syst) pm vs. 49510 (LHCb), 510:+36 (CDE), 50845 {im (DO)

CTRO . w(1020) = 443.9 £ 2.0 (stat) £ 1.5 (syst) pm vs. 443.4 + 3.6 um (HFAG)
cTho = 442.9 £ 8.2 (stat) + 2.8 (syst) ym vs. 440.7 £ 3.0 um (HFAG)
cTpy = 162.3 £ 7.8 (stat) + 4.2 (syst) £ 0.1 (15+) pm vs. 152.0 £ 2.7 um (HFAG)

Precision from each channel is as good as or better than previous measurements.
T / Tos i+ (892)0 = 0.978 & 0.018 (stat) £ 0.006 (syst), vs. 0.967 +0.007 (HFAG)

T80 1/pp(1020) / T8O sk (892)0 = 0.980 = 0.006 (stat) & 0.003 (syst). Vs- 0.993 + 0.004 (HFAG)
Ratios are compatible with the current W.A. values (s1.50).

Combinations of previous results also lead to:
T'y = 0.662 + 0.003 (stat) 4 0.003 (syst) ps ™ *,
AT4 = 0.023 + 0.015 (stat) + 0.016 (syst) ps*,

AT4/T4q = 0.034 + 0.023 (stat) + 0.024 (syst). (B) vs. -0.002 + 0.010 (HFAG)
ety = 4204+ 6.2um (BY) vs. 423.6 + 1.8 um (HFAG)

All results are in agreement with current W.A. values and with HOE

predictions and other theoretical models.
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Ap polarization and
Ap—]/DA decay parameters

* HQET: A large fraction of fransverse b-
polarization remains after hadronization.

- -
Pbeam X pAl7

=T
|pbeam X pA,,|
+
A [
i GA %
I N
i 2o )

« This analysis: Ap—J/YA 5D angular decay
function [Kramer & Simma, NPB-P.S. 50, 125 (1996)]

is partially integrated: -
4T /_ /_:’d“”Pd¢” 8
d cos 0,dQ., dQ (07-0p. O 0. 0) —> NZ“:’(|TAI,12|2)%'(P, ap)w;(0r.6,.0,)
14 H

i=1

$ aar. asymmetry param. in A—ps decay (fixed to PDG 0.62 + 0.013).
¢ P: Ap polarization.

¢ Asymmetry param. in Ap—=J/YA: ap = [T [P = [T + |T_o)* = [T__|?
¢ Long. polarization of the A: oy = |T o |*+ |Too> = |T-o|> = |T__|?
¢ J/y long./transv. pol. parameter: vy =T, |* = 2|T o)* = 2|T_o* + |T__|?

4 params.
to fit

« Effects of infegratfion of ¢-angles propagated to syst. uncertainfies.
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Angular efficiencies and background

* Angular efficiencies obtained from simulations:

PDFSlg 51g(®3) (®3).~G(mJ/WA)

800,

800 CMS - 800 Ccms
g t Simulation % L % Simulation
Q [ © 600 o]

g 600} ) ; I g 600
© © I o
A - s
8, 400 § 5 [ 5 400
& P2y >

5 a "
.5 200} @ T 200 3 200
o L o : S
i | [ i

PR R N S R A T T S S U S S U R E I T T | NP N S B N N N N R T
-1 -0.5 0 0.5 1 o3 -0.5 0 0.5 1 o3

« Bkg. angular distributions obtained from J/wA invariant mass sidebands:
PDFy, = P(mJ/wA)Fbkg(QS)

19.8 fb™ (8 TeV) 19.8 fb" (8 TeV) 19.8 fb™ (8 TeV)
* CMS i CMS [ \ } CMS
100, 100 [
R 2 100
S s | s |
~ ~ ~ |
2 £ 7 i3]
c c X c [
2 g e I
o 50 o 50_ D 50
PRI S R N T S T T S S N TN TN S T [ I 'Y Lo o ool o el B
o3 -0.5 0 0.5 1 o3 -0.5 0 0.5 1 o3 -0.5 0 0.5 1
cos 0, cos 6 cos 9,
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Events / 3 MeV

Events /0.2

Results

« Simultaneous (Ap & Apb, 7 & 8 TeV) 3D-UML fit:

A 19.8 b (8 TeV) + 5.2 fb™ (7 TeV) 19.8 b (8 TeV) + 5.2 fb™ (7 TeV)
- (@) CMS sook () CMS P =0.00 £ 0.06(stat) + 0.06(syst),
300F + Dta o ¢ Data a; = 0.14 4+ 0.14(stat) £ 0.10(syst),
:Slin o 600F :Slinl
. = Background ay = —1.11 4 0.04(stat) + 0.05(syst)
L ‘g 400-_ N
_ 2o vo = —0.27 + 0.08(stat) £ 0.11(syst)
100_ 200 -
: | o O ~r] ® PEHC) = 0.06 +£0.07 £0.02
™55 560 564 560 s T 0T os 1 e PHQEDN=(.1-0.2
m (JAy A) [GeV] cos 6, -
o oms| ek o cms | ¢ ou(LHCD) = -, (LHCE) = 20,05 + 0.17 + 0.07
[ ' * Many theoretical predictions for a:
N ook ~ e (0.1-0.2(PQCD, factorization,
[ N , 2 R several quark models).
e S " e -0.78 (HQET
200r—- gg‘grou% TT a1 Pcosf, | oo o ngground 78 ( )-
e I N PRD 97, 072010 (2018)
cos 0, cos 6,
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quarkonium (Q)

Quarkonium production

+ Well established framework: NRQCD ~  damsosise, \%%anﬁ
factorizes short-dist. (SDCs, perturbative L By
calculations) and universal long-dist.

(LDMEs, from fits to data) conftributions.

anti
blue

2) non-perturbative evolution
L v 4 to the observed bound state
1) perturbative phase Quantum numbers change!

 Contrary to expectations, LHC measurements indicate quarkonia
are produced unpolarized = important to add more data to
constrain LDMEs.

* For J/vy, v’ and Y(nS)

prompt signal events (cannot distinguish

(n: ] ,2,3) @13 TeV, CMS feed-down decays of heavier ct)
measures. l Acceptance
- d’c N(p1.y) 1
BQ—ppt) o= EL <
dprdy _LAyApr \e(pt, ¥)A(DPT, )
4 4 b
Integrated lumi | |y and pr bin widths Reconstruction efficiency

(Iyl <12, pr=20- 150 (130) GeV )
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Acceptance and efficiency

* Acceptance calculated w/ Pythia generated w/ data-
derived pr distribution & unpolarized J/y: analysis provides
scaling factors (0.75-1.20) to convert to polarized scenarios.

e Dimuon reconstruction Correction factor from data (TnP
. . uses special trigger w/ pT > 20
efficien Cy. / GeV) accounts for correlation &
. ( ) e ( ) c ( ) . ( ) 2 effects due to de.tector granularity
uu\PT,/ Y P11, pr2,12) - P\PT,/Y) " €1k | and coarse L1 trigger.

Single muon TnP efficiency from data and \

independent triggers. Multiplied & parametrized.

Tracking efficiency ~ 99%.

€up ~ 85%, decreases w/ pr mainly due to p

® B & quarkonia @ CMS -- Ivan Heredia XXXII-AM-DPyC @13



Yields and prompt fraction

* UML fits to My (Muu-ct) in each y-pr bin (for J/y and v’):

CMS 2.7 0" (13 TeV)

> =
2 1000E Y(]S) 22 < p_ < 24 GeV
«Q i lyl < 0.6
‘% 800/~ — Total fit
> - - Background
" e0of- Y(25)

400 Y(3S)

2001

c:" St R

M
10

R B e,
10.5 11

u*u invariant mass [GeV]

e Each: CB + Gaussian core.
¢ Means: fixed - common factor.

e Widths: ~common.

* CB params: constrained to the fit
of the pT-integrated distribution.

* Bkg.: exponential.

® B & quarkonia @ CMS -- Ivan Heredia

exponential bkg.

* Mean and CB params.

constrained to pr-int.

CMS 231" (13 TeV) CMS 231" (13 TeV)
> F E F
% 60001 20 < p; < 21 GeV S C 20 < p; < 21 GeV
> F iyl < 0.3 &10'E Iyl < 0.3
T 5000f > E
2 r — Total fit S 10°L — Total fit
®© 4000 --- Background u>.1 E — Prompt signal
o E ]/l_l) r — Nonprompt signal
3000 102§ --- Background
20001 10;7
1000; 1; .......
G: e O . . EA P R N B | I |
2.95 305 31 315 32 325 -0.05 0 0.05 0.1 0.15 0.2 0.25
w*u invariant mass [GeV] Decay length [cm]
CMS 2.7 b (13 TeV) CMS 2.7 (13 TeV)
> F € E
%’ 450? 225 < p, < 25 GeV S F 225 < P, < 25 GeV
o 400t Iyl <03 P Iyl < 0.3
-~ E 7] E
£ 350 — Total fit E — Total fit
@30 .y ] | - Background & iR A — Prompt signall
o E 10°E R — Nonprompt signal
250F E w Background
200 [ d
E 10 f {
150 E * i
100} I ‘
c 9 1H ke
50—~ 0 TP El S\
o5 Ll N R A B Al I R [ PR 1Y P I N
3.5 3.6 3.7 3.8 3.9 -0.05 0 0.05 0.1 0.15 0.2 0.25
w*u invariant mass [GeV] Decay length [cm]
* CB (+ Gauss. J/) + * Prompt = Res. (R): event-by-

event-scaled double-Gauss.
* Non-prompt: Exp ® R.
*Bkg.: R +exp®R’.
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[pb/GeV]

d’c
de dy

B x

Results

-1
CMS 2.3-2.71"(13 TeV) _ CMS 2.7 fb” (13 TeV)
10° k- seav Jly  m5 0.0<]y|<0.3 g r = Y(1S) =15 0.0<|y|<06
1RE noav y(2S) e 0.3<|y| < 0.6 (x 1/2) g 10g, AY Y(2S) evo 0.6<|y| < 1.2 (x 1/5)
E::-.___ a2 0.6<|y|<0.9 (x 1/4) ol 3 [ s " . 00 Y(3S)
A [ ] n N A
m?v:A:::-::-._ v 0.9<|y|<1.2(x 1/8) olg” 1 08 LI
e vvaAAA:...I X S ® e B 4 "a
1 0 O YV A ,® o m B °© 3y o U A& g
E A o O 4 MEZ2=Y s o " @ oY i ﬁﬂ [ ]
F v A O o O Vv v A o [] 10—1:_ O v v [ ] ° iy ﬁ
10" & v & . o o v oo n 8 Cov e, s B
3 Vv a o v+ o - ©o e 4 .
. - v A DO v A : L So v e ! -
1w A 10 Pyl
= v N - z .
10_3_E 9 g v B 5 g %
10 EI 1 1 1 1 1 1 1 I E Q
20 30 40 50 60 70 80 90100 120 20 30 20 50 60 70 80 90100
p. [GeV] P, [GeV]

Shapes consistent across y

region: can integrate over y.
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y-integrated comparisons
and ratios (to 1S)

CcMS 23-27H"(13 TeV) CMS 27718 Tev) 4 23-271"(13 TeV)
E ; E = R
= iy NRQCD 3 10k " Y(1S)(x100)  NRQCD | & N y(2S)/ Jhy (x5)
E a £ - 12—
« w(2S)  NRQCD S 0tk ° Y(2S) (x 10) NRacp | S8 F * Y(29)/Y(19)
L © F X L
E ‘32%" 10° E . L Y(39) NRQCD Q 1= £ Y(3S)/Y(1S)
] M., @ 10 .-"-. 0.8
% ° . . S . 10; (3 [ ] -
g Wy . F “ee, e 0.6 ;
: ) R 10 b s VA SN 0.4J++“+; *Ht
", ? . n § A oy X . L ] r i 4 *
o L . . 107 ¢ T ' 0.24N+++++++HH+ H f { + {
E\ | | | | Lo ¢ 107 ;7\ : L r |
B P P R i & 1 1 e i ] 0% 30 40 50 60 70 80 90100 150
’’’’’’’’’’’’’’’’’’’’’’’’’’’’’ g8 1”"”&&’1#{,?"” G GRS, o
LI P 1 [] $ ¢ + * } 4 ol | w¥ L ﬂ#é ﬂ % l R pT [GeV]
[l 1 1 1 1 1 1 1 ‘ 7 05 1 1 1 1 1 1 1 ‘ |
| 1 - ~ flat for J/ &’
..... SYTLL R S L - wnin h A} i
‘ .
| | B AN S e ! * increases slowly for Y
20 30 40 50 60 70 80 90100 150 20 30 40 50 60 70 80 90100 130
[ [GeV] P, [GeV]

. NLO NRQCD predictions in agreement with data. | LLB 780, 251 (2018)

* As expected from evolution of PDFs, cross sections increase with energy.

* These measurements should reduce theoretical uncertainties from the
exiraction of LDMEs.
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X(5568) — Bgmt*

* Resonance found by the DO experiment in the Bsmt mass
spectrum: state w/ 4 different flavors of quarks.

(a) 6-60 local
5.10 global+syst

DO Run Il, 10.4 f&'

DATA

Fit with background shape fixed
---. Background

--------------- Signal

~
o

(o2}
o

M%(F(mBlr)
(M5, = miy,)? + M2 (mpy)

o
o

BW(mBn') x

ey
o

N events / 8 MeV/c?

wW
o

1 1 1 1
55 555 56 565 57 575 58 585 59
[GeV/c?]

Myx = 5567.8 2.9 799 MeV

Iy =21.94+6.4150 MeV
Strong decay!

Nx = 133 £ 31 £ 15 cand.

PRL 117, 022003 (2016)
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@ C%I_or let
inglets
%

Loosely Bound

®®

BS Hadronic Molecule? Tetraquark?
i' AR  Not favored Possible, but
7+  duetomassfar  theory predicts

from B-K thresh. more states

o If X(5568)" — Bo7n~

then JE =07
o If X(5617)" — BY*n~
lﬁ Bg')’ miss!
then JE =11

Not contirmed by LHCb
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Search for the X(5568)
at CMS

 Search forresonances in the Bs ¢ invariant mass
spectrum: Bs (—=J/yp¢$(1020)) + prompt pion.

10000 CEMS 19.7 b7 (8 TeV) CMS 19.7 fo! (8 TeV)
> [ >
§ N =49277+278 + E_?ta o L (a) '
[ 4, =5366.540.06MeV —Fi S - ; i* v uy %1‘
10 8000|- o, =8.03:0.18MeV [ | -~ Signal o 800~ ‘Qiﬂz& gﬁmﬁmﬁﬁﬂi ém’ liﬂfi b
> " o, =18.6:05MeV ---- Background < . RW{ ‘ R éﬁﬁw
o L f =047:002 3 - ﬁ#}@
g 6000 © 600 0 . .
2 . g - i* ¢ B? signal region
9 ‘
O 4000 8 400 *ﬁf‘f | B sidebands
L d i B 4
2000 Y 200 —y}
sesctreey S N O |
A AN 5 SR A AN A X | | |
5.2 5.3 5.4 55 L R S
M(J/IPK+K_) [GeV] 5.5 5.6 5.7 5.8 5.9

M (B%) [GeV]

No excess is visible.
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Search for resonances

« Signal modeled w/ relativistic BW (eff. and resol.
variations considered in syst. unc.).

* Bkg. shape inspired from MC o(pp — X + anything) B(X — Bor*)

(modeling varied or fixed for  #x= o(pp — B + anything)
: : : N

syst. uncertainty estimations). _ Ny from MC

€relNB§’

CMS 19.7 tb™ (8 TeV) 3 CMS 19.7 b (8 TeV)
%800-_(&1) ' t bott bigtt 4 X F A T=10MeV ¢ I =20MeV
=0 R R TR T ! <25F ¢ T=30MeV + I =40MeV
f B {' * ccl O = e = e

- C o T =50 MeV
3 °00r 0.(B% > 10 GeV S oF
S I v i
24001~ ¢ Data O 15[

8 - — Fit &\c; C
200 8 1F
¥ Ny = —85 £ 160 -
— b :é : : I§ * : é H §§§ ' 3 0.5:—
Z 0 :_§§§I f%%ii‘? b ifif“ §f”ffz§; pl9r$§;§ﬁél§mr;§?2r: ifzifi- - | o
55 5.6 5.7 5.8 5.9 55 5.6 5.7 5.8 5.9

® B & quarkonia @ CMS --

MA(BJr) [GeV]

lvan Heredia

M*(BXn*) [GeV]
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More recently

Summary of the search

* No significant structure in M(Bsm#) is found for masses up to 5.9 GeV,
disfavoring predictions of tetraquark models.

« No signal found despite trying different kinematic & quality cuts,
variants of bkg. modeling and fit region:s.

ox < 1.1% at 95% CL for pr(BY) > 10GeV and
ox < 1.0% at 95% CL for pr(BY) > 15GeV.

CMS PAS BPH-16-002
yI=2] PRI 120, 202005 (2018)

Previous results: p=(86=+x19+14)%

for pr(B%) > 10 GeV & lyl =2 DO

pHHC [ (BY) > 5 GeV] < 0.011 (0.012),
pLHCO [ (BY) > 10 GeV] < 0.021 (0.024),
pLHC [0 (BY) > 15 GeV] < 0.018 (0.020).

LHCb [PRL 117, 152003 (2016)]
at 90 (95)% C.L. 2<lyl<4.5

")

§ CDF: p < 6.7% for p1(Bs) > 10 GeV & lyl = 1 ATLAS: p < 1.6% for pr(Bs) > 10
£ |does not favor DO results [PRL 120, 202006 (2018)] || GeV & lyl = 2 [PRL 120, 202007 (2018)]
©

-g' DO: reconfirms with 6.7c using Bs semileptonic decays [PRD 97, 092004 (2018)]

Q
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Summary and outlook

* CMS has produced several competitive results related to
searches, production, polarization, lifetimes, and other
properties of B hadrons and quarkonia.

- The B., B-baryon, quarkonium and exotic hadrons program will
continue and benefit from the additional data in Run |l.
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