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') Why heavy flavor physics?

B Physics of beauty and charm quarks in p-p collisions

B Research area with rich of phenomenology:
+ Heavy flavor production measurements
» Tests of QCD (hard scattering, fragmentation, NRQCD, etc.)
+ Spectroscopy and particle properties
* Heavy baryon spectroscopy
« Spectrum of standard and exotic quarkonium states
 Particle lifetimes, masses, etc.
¢+ Rare beauty decays

« Complementary to direct searches: can access multi-TeV
energy scales through loop contributions

Recent
results!

CMS published 24 journal articles in the heavy flavor domain
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsBPH
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= pp, heavy ions
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LHC performance - pp run

Parameter/Effects

Beam energy
limited by maximum dipole field. Industrially
available technology.

Limitations

7 TeV

3.5->4TeV

Bunch and total beam intensity
beam-beam effect (tune spread), small allowed
space in Q-space, collimators (impedance,
collective instabilities), electron cloud, radiation

N < 1.7 10"
N...=1.1510"
| <0.85A

N~1.510"

Normalized emittance
Limited by injectors and main dipole aperture

£,<3.75 um

1.9 -2.4 um

Beam size at IP ( B")
Limited by (triplet) quadrupole aperture

0.55m< B'<1m
o~ 17 um

0.6m
o~ 20 um

Crossing angle
Limited by (triplet) quadrupole aperture

300 urad

290 urad

Number of (colliding) bunches
Limited by stored beam energy, electron cloud eff.

2808

1368

Luminosity

1103

7.5x 1033

Legend:

N : particles/bunch
n : nr. of bunches

| : current / beam
e,=¢y, ¢ :emittance
B*:patlP

Beam size 0°=¢

Q : tune (number of
trans. oscil./turn)

Courtesy: G.Tonelli
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atasets and luminosity

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC
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Peak Delivered Luminosity (Hz/nb)
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Date (UTC)

2010: ~40/pb at Linst~1032 cm-2s-"
2011: ~6/fb at Linst<4x103* cm?s"

2012: ~23/fb at Linst<7.5x1033 cm=2s1

Steady increase of Linst in 2011
2012 at rather stable Linst

CMS Peak Luminosity Per Day, pp

Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC

2010, 7 TeV, max. 203.8 Hz/ub
2011, 7 TeV, max. 4.0 Hz/nb
2012, 8 TeV, max. 7.7 Hz/nb

Date (UTC)




The CMS detector

CMS DETECTOR

Total weight
Overall diameter

Overall length C O M P ACT

Magnetic field

STEEL RETURN YOKE

—1
CRYSTAL i
ELECTROMAGNE!
CALORIMETER (E e
~76,000 scintillating PbV BNt I
]

MULTI-PL
HADRON CALOE

Brass + Plastic scintillator ~7,000 channels

!

B S
4 mA Y
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b ~18,000A

BERS
Tube, 480 Resistive Plate Chambers
athode Strip, 432 Resistive Plate Chambers

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

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels




Insertion of the CMS
pixel detector

T

= Tracker inner barrel during
| final integration

B CMS is equipped with a full-silicon tracking detector
+ Three layers and two disks of pixel sensors (~66M channels)
+ Ten barrel layers and 3+9 endcap wheels of strip sensors (~10M channels)
+ Pseudorapidity coverage up to 2.4. Transverse momentum resolution 2-3%.

V. Chiochia (Zurich University) — Heavy flavour physics with the CMS experiment - 19-20/11/2013



CMS: Pixel detector

CMS Preliminary 2010 Vs =7TeV . |
o yensverse-den B ~98% operational during data taking

transverse - PIXELAV
A longitudinal - data

longitudinal - PIXELAV B Hit efficiency >99%

Excellent understanding of detector resolution:

+ Hit position, impact parameter, vertices

Hit resolution vs. cluster size
Transverse ~ 10 um
Longitudinal ~ 20 pm
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Eur.Phys.J. C70 (2010) p.1165

CMS-PAS-TRK-10-005

Track p, (GeV/c) Number of Tracks
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CMS: Muon system

+ Excellent pr resolution = 2-3%
+ Efficiency above 99% for central muons
+ |mpact parameter resolution ~15 um

Muon candidates:
+ Match between muon segments and a silicon

track
Large pseudorapidity coverage: |n| < 2.4 CMS-PASMUO10-002

.@-E-FWE’#@:@FH*B—@—.—@—__

—

Muon efficiencies evaluated with
¢+ MC methods
+ Data-driven methods: Tag & Probe
Muon misidentification rates from data:
¢ D*—DO, DO—Kmr
* Ks—mm
* A-pmw

o
[o)

o
o)

Tight muon efficiency

DT coverage _

Inl<1.2
—e— Data, 2010

©
N

o
N

—-=- Simulation _
CMS Prellmlnary Ns=7TeV |
I 1 1 1|
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muon p_ (GeV/c)
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b quark production at the LHC

10° ¢ THERONT

Otot

107 £ 110°

Tevatron LﬁC

E : 3 ~ 2 MHz at
10° & : 11087.5x10%% cm2s”"

10° | 1 10t ®  Enormous b quark production

rate at the LHC Run 1

Expected to more than
double in Run 2

34

events/sec for L.=10 ¢m s

10' |

1 = 0(E{* > 100 GeV)
10" |

High rates implies very

3 - selective requirements at
10° | o/ % trigger level to store

e 1 interesting b decays
105 [ Ohigge(Myy = 150 GeV) o :

§_0Higgs(MH =500 GeV)

10'7 raaal L 1 Lol
0.1 1

Vs (TeV)
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Triggers for heavy flavor physics

trigger paths
= -1 .
2011 Run,L=111fb Jly v

CMS \s=7TeV W)y
V' B, — 1w
B, | Y
' B low p_ double muon
high P, double muon
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Trigger selections based on:

e pt and |n| of dimuons

e dimuon invariant mass

e secondary vertex probability
e impact parameter

» flight length significance

e pointing angle

™

1 10 10?
dimuon mass [GeV]

Trigger requirements tightened following the increase in instantaneous luminosity.
About 10% of CMS bandwidth assigned to heavy flavor physics
Single muon trigger efficiencies measured from data (tag&probe), dimuon correlations from MC
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Understanding the rates:

Production
measurements




Inclusive B production

{s=7TeV
lyl <05 (x625) -
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B Inclusive B cross sections using tagged jets and events with two semileptonic muons
+ NLO in agreement with data but systematically below

+ Further measurements needed to pin down high-pt and rapidity regions
« MC@NLO and POWHEG giving somewhat different predictions

Process pr range  (Pseudo)-rapidity Cross section NLO QCD Ref.
range [ub] [ub]
pp — bX — uX Inl < 2.1 1.32+£0.01 £0.30 £ 0.15 09505 [1]
pp — bbX — uuX Inl < 2.1 (26.18 £0.14 £2.82 £ 1.05) x 10 (19.95*% gg) x 1073 [4]
pp — bjet X lyl <2.4 2.14 +0.01 £ 0.41 £ 0.09 1.83704 [5]
pp - B*X lyl < 2.4 283+24+20+1.1 25.5%%% [9]
pp — B°X lyl < 2.2 332+25+31+1.3 25. 2+96 [10]
pp — B X — J/y¢X lyl <2.4 (6.9+0.6+05+0.3)x 1073 (4.9719) x 10‘ [11]

. . ; JHEP 04 (2012) 084
Source: http://arxiv.org/abs/1201.6677 JHEP 06 (2012) 110
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http://www.springerlink.com/content/q73556783722j6j2/?MUD=MP
http://www.springerlink.com/content/p26v7t8755p0556l/?MUD=MP
http://arxiv.org/abs/1201.6677

B hadron production

L L L Y I B L I L B B

oMS No=7Tev - BI(y"l<24) ; Power low behavior from Tsallis fit
R =cpr1+ Y| n(B%,B%)=5.7+0.3
n(Ap) = 7.6+0.4 (4.70 tension)

— B Tsallis fit -
v Bl(ly 1<2.4)
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CMS Preliminary,Ns=7 TeV Spring 2012

value = stat. = syst. = lum. error

tomaosty NLO predictions compatible with data
pP— A, X = Jip A X 11606212 =20 but tendency to be below data

P;>10 GeV, lyl<2.0 (x10000) (1900 pb™')

pp— B" X 28.1£24+20 =31
P:>5 GeV, lyl<2.4 (6pb”)

pp— B° X 33.3+25+3.1+36
P1>5 GeV, lyl<2.2 (40 pb™)

pp— B, X — Jip ¢ X L 6.9+0.4=07 =03
8<pT<50 GeV, lyl<2.4 (x1000) (40 pb")

Theory: MC@NLO / POWHEG Phys. Lett. B714, 136
CTEQBM PDF, u=(+p2)"?, m,=4.75 GeV Phys. Rev. Lett.106 (2011) 112001

J 5\0 Phys. Rev. Lett. 106 (2011) 252001
B Hadron Production Cross Section [ub] FF:E;: IES\\//- ng ((38,:;; 825882
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http://www.sciencedirect.com/science/article/pii/S0370269312006223

Spectroscopy:
A new heavy baryon

and other peaks
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The Ep baryon family

»

J=3/2*

*

b

~udb uub\, 3+
\"Z b
usb
ss

Mass [MeV]

Analog to charmed baryon spectrum
=.(2645)" — =F 1
Q value: M(Eb %)-M(Eb)-M(7*)=11-29 MeV
Width < 1MeV

Phys. Rev. D 66, 014502 (2002)
Phys. Rev. D 77, 034012 (2008)
Phys. Rev. D 79, 014502 (2009)
Phys. Rev. D 84, 014025 (2011)

]

“Heavy neutron” with u-s-b quarks arXiv:1203.3378v1 [hep-lat
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Secondary
vertices

Can decay beyond pixel volume
Requires reconstruction of very
displaced tracks and vertices

A .
—>

T

Displaced J/is decay vertex
within pixel volume
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Observation of the Ep*? baryon

21 events observed, 3.0%1.4
background expected

Resolution from MC: omc=1.920.1 MeV

-
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Additional
prompt pion

\V)

|
_ 20
MJAYE) [GeV] Q=MUAE ") - MJWE) - M(x) [MeV]

Q=14.8+0.7 £ 0.3 MeV
M(Eb) = 5945.0 £ 0.7 stat) £ 0.3(syst) * 2.7(ppc) MeV
I'ew=2.1%1.7 MeV (Theory: 0.93 MeV)
Significance from In(Ls+b/Lb)=6.9

Phys. Rev. Lett. 108, 252002 (2012)
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http://prl.aps.org/abstract/PRL/v108/i25/e252002

Exotic mesons

Many new charmonium(-like) do not fit into
quark model spectrum easily. Theoretical
speculations include:

Molecular states: loosely bound states composed of a

pair of mesons, probably bound by the long-range color-
singlet pion exchange

Tetraquarks: bound states of four quarks, bound by
colored-force between quarks, decay through
rearrangement, some are charged or carry strangeness, there
are many states within the same multiplet

Hybrid charmonium: bound states composed of a
pair of quarks and one excited gluon

Conventional charmonium: quark model spectrum
could be distorted by the coupled-channel effects

Courtesy: S.Zhu
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Exotic mesons

Well lish State m (MeV) T (MeV) JFC Process (mode) Experiment (#0) Year Status
ell established X(3872) 3871524020 1.3+0.6 1t1/27F B — K(rtn~J/4) Belle [85, 86] (12.8), BABAR [87 2003 OK
at CMS (<2.2) pp— (7w J/) + ... CDF [88-90] (np), D@ [91
JHEP 04 (2013) 154 B — K(wJ/Y) Belle [92] (4.3), BABAR [93]
B — K(D*°DY)
B = K(vJ/¥)
B = K(v4(25))
X(3915)  3915.6+3.1 28+10 B — K(wJ /1) Belle [100] (8.1), BABAR [101
ete™ = ete (wi/y) Belle [102] (7.7)
X (3940) 39427%9 37+eT 7’ ete™ = J/w(DD*) Belle [103] (6.0)
ete™ — J/w (...) Belle [54] (5.0)
G(3900) 3943 + 21 52+11 ete™ — y(DD) BABAR [27] (np), Belle [21] (np)
Y (4008) 4008*'35 226497 eTe” = y(ntaT J/1p) Belle [104] (7.4)

Z1(4050)T 4051133 g2tsL 7 B — K(r"xa(1P)) Belle [105] (5.0)
Seen also at DO » Y(4140)  4143.4+3.0 151 i B — K(¢J /) CDF [106, 107] (5.0)

arXiv:1309.6580 X (4160) 4156732 139752 7" ete™ — J/i(DD*) Belle [103] (5.5)
Z5(4250)" 4248715 17732 . B — K(ntxc1(1P)) Belle [105] (5.0)

Y (4260) 4263 £5 108414 ete” = y(ntn=J/) BABAR [108, 109] (8.0)
CLEO [110] (5.4)
Belle [104] (15)
ete™ = (ntr™J/p) CLEO [111] (11)

Seen also at . . ete” — (n°70 /) CLEO [111] (5.1)
» 42744781 32722 7’ B — K(¢J/1) CDF [107] (3.1) 2010
DO, Belle 4350.675%  13.3%15 ete™ = ete (¢J/1) Belle [112] (3.2) 2009
4353+ 11 96442 ete™ = y(ntr4(2S)) BABAR [113] (np), Belle [114] (8.0) 2007
4443135 10703 . B — K(rt(29)) Belle [115, 116] (6.4) 2007
463479 92+3] ete™ = y(AFAD) Belle [25] (8.2) 2007
4664+12 48415 ete™ = y(rtr™(29)) Belle [114] (5.8) 2007

v 1010.5827 Y5(10888)  10888.443.0 30.7732 efe™ = (xtn~Y(nS)) Belle [37, 117] (3.2) 2010
arxiv: .
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http://link.springer.com/article/10.1007%2FJHEP04%282013%29154

Search for X(4140)

First evidence (3.80) for a near-threshold
narrow peak in the J/{s¢ system, reported by
CDF in B*—J/(pp)d(KK)K* decays in 2009,
based on 2.7 fb-.

Result updated in 2011 with 6 fb-, significance
over 5¢0. Assuming relativistic BW:

+ M1=4143.0%29;o(stat)*0.6(syst) MeV
¢+ [I'1=15.3*104¢ 4(stat)*2.5(syst) MeV
Evidence (3.10) for a second structure: . 2
*  My=4274.4*8447(stat)£1.9(syst) MeV mJpoK*) [GeV/c?]
* [2=32.3+21.9(stat)t7.6(syst) MeV
PRL 102, 242002 (2009)

Could be cc bound state but well above open- arXiv:1101.6058
charm threshold (3740 MeV). Some models:

+ Molecular (Ds 55) state
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+ Hybrid particle (qqg)

[=2d
T
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T

2218

+ Four-quark combination (ccss) oy
candidates

No significant first structure from Belle in
exclusive B decays. 3.2¢ evidence for second
structure at 4350 MeV in yy—J/id

l
+ Exclusion limits on partial width disfavor l
molecular scenarios with 0**, 2** 07712 13 14 15 e R YIT
m{ KK )-m(uty) [GeVic?] m{utK'K)-m(uty) [GeVie]

=
T

=S
T

N
T
N

Candidates per 10 MeV/c?
Candidates per 10 MeV.

’
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Search for X(4140)

CMS, Vs=7TeV,L=52f" arXiv:1309.6920
Opr—T—T T T T T T T 7 T T T T T T T T [ T T T T T T T
I I + 1.|0125<m(}£+K_)<1.0|265GeV

Am < 1.568 GeV Search based on 5.2 fb-'in B*—-J/}bK* decays:

¢ Data

= Fit + Largest sample so far: 2480+160 B* candidates

= =: Background

Fitted Am distribution corrected for detector
efficiency

+ Efficiency fairly uniform over mass spectrum (<20%)

Candidates / 5 MeV

Fit model: S-wave relativistic BW for signal, and
three-body phase space

1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 . .
5.2 5.25 5.3 5.35 5.4 5.45 E Event mixing used as cross check
mJAYK*K K" [GeV]

First peak observed with significance exceeding 5¢
+ M =4148.0+2.4(stat.)*6.3(syst.) MeV

CMS, Vs =7 TeV, L=5.2 b’

L

—+— Data
Global fit 15
Three-body PS (global fit) + ['1=28*1544(stat.)x19(syst.) MeV

+1c uncertainty band ]

| — — Event-mixing (J/y, 0, K") Evidence for a second peak:
; Event-mixing (J/y, 9 K*) 7

+ M2 =4313.8%5.3(stat.)+7.3(syst.) MeV
+ T2 =38*3044(stat.) + 16 (syst.) MeV

Parameters of the second structure my be affected
by ¢K* reflections

N
o
o

N(B*) / 20 MeV

Analysis performed with tighter B* signal selection
gives consistent results
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Searches for Xp

Y(2S) Y (3S) CMS barrel |
Vs=8TeV —|
L=207f"
p,>13.5 GeV |
lyl<1.2

Search for the X(3872) counterpart in the
bottomonium sector - called here Xp

¢+ Decay channel Y(1S)w*n

+ Mass predicted close to the BB or BB*
threshold. Search scans 10-11 GeV mass
range

Candidates / 6 MeV

arXiv:1309.0250

Search in two rapidity regions due to
different mass resolution

Dipion mass distribution assumed to be as
for Y(2S) and similar to X(3872)

“R” ratio of observed X, and Y(2S)
candidates corrected for detector efficiency

+ R=6.56% motivated by X(3872) case
would yield >50 observation over the full
mass range

No excess observed. 95% CL upper bounds
on R within (0.9 - 5.4)%.

+ First upper limit on possible X, state at
hadron collider

-‘ +1o E;(pectéd
]+ 20 Expected
- - - - Median expected |
—— Observed T

Upper limit on R

1% [ —]
! ! ! ! ! ! ! ! !
10 10.1 10.2 103 104 10.5 10.6 10.7 108 109 11

My [GeV]
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Looking outside the box:
Rare B decays




Why searching for Bsq—p w ?

Decays highly suppressed in SM
+ Forbidden at tree level

¢ b —s(d) FCNC transitions only through Penguin or
Box diagrams

+ Cabibbo (|Vu|<|Vis|) and helicity suppressed
B Standard Model predictions
* B(Bs—pw)=(3.56£0.18)x10-21"

* ~10% corrections from Bs mixing when
comparing to experiments included [12]

« CKM best fit: (3.6702.93)x109 3
¢ B(B°—>pp)=(1.07£0.10)%10-10 1]
B Sensitivity to new physics, e.g. extended
Higgs sector and SUSY particles:
+ 2HDM branching ~(tang)* and m(H*)
+ MSSM branching ~(tan)®
+ Leptoquarks

+ 4th generation top [1] JHEP 1307 (2013) 77

[2] PRL 109, 041801 (2012), arXiv:1208.0934
[3] Phys. Rev. D85: 033005, 2011
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Two-body decays of B mesons

R. Giles, J. Hassard, M. Hempstead, K. Kinoshita, W. W. MacKay, F. M. Pipkin, and Richard Wilson
Harvard University, Cambridge, Massachusetts 02138

P. Haas, T. Jensen, H. Kagan, and R. Kass
Okhio State University, Columbus, Ohio, 43210

S. Behrends, K. Chadwick, J. Chauveau,* T. Gentile, Jan M. Guida, Joan A. Guida, A. C. Melissinos,
S. L. Olsen, G. Parkhurst, D. Peterson, R. Poling, C. Rosenfeld, E. H. Thorndike, and P. Tipton
University of Rochester, Rochester, New York 14627

D. Besson, J. Green, R. Namjoshi, F. Sannes, P. Skubic,Jr A. Snyder,! and R. Stone
Rutgers University, New Brunswick, New Jersey 08854

A. Chen, M. Goldberg, M. E. Hejazifar, N. Horwitz, A. Jawahery, P. Lipari, G. C. Moneti,
C. G: Trahern, and H. van Hecke
Syracuse University, Syracuse, New York 13210

M. S. Alam, S. E. Csorna, L. Garren, M. D. Mestayer, R. S. Panvini, and Xia Yi
Vanderbilt University, Nashville, Tennessee 37235

P. Avery, C. Bebek, K. Berkelman, D. G. Cassel, J. W. DeWire, R. Ehrlich, T. Ferguson, R. Galik,
M. G. D. Gilchriese, B. Gittelman, M. Halling, D. L. Hartill, S. Holzner, M. Ito, J. Kandaswamy,
D. L. Kreinick; Y. Kubota, N. B. Mistry, F. Morrow, E. Nordberg, M. Ogg, K. Read, A. Silverman,
P. C. Stein, S. Stone, R. Wilcke,’ and Xu Kezun
Cornell University, Ithaca, New York 14853

A. J. Sadoff
Ithaca College, Ithaca, New York 14850
(Received 8 June 1984; revised manuscript received 10 September 1984)

Various exclusive and inclusive decays of B mesons have been studied using data taken with the
CLEO detector at the Cornell Electron Storage Ring. The exclusive modes examined are mostly de-
cays into two hadrons. The branching ratio for a B meson to decay into a charmed meson and a
charged pion is found to be about 2%. Upper limits are quoted for other final states YK ~, 7+ 7™,
p°m=, ptp~, e*te~, and ute¥. We also give an upper limit on inclusive ¥ production and im-

proved charged multiplicity measurements.
1985 1990 1995

"
o}
el ——y
10° = " ® -
& a . . .

011 2012 2013 2014
Measurement of the B — u* = Branching Fraction and Search

for B — u* u~ with the CMS Experiment

10:\

S. Chatrchyan et al.*
(CMS Collaboration)
(Received 18 July 2013; published 5 September 2013)

Results are presented from a search for the rare decays B — w* ™ and B® — u ™ u ™ in pp collisions
at \/s =7 and 8 TeV, with data samples corresponding to integrated luminosities of 5 and 20 fb~!,
respectively, collected by the CMS experiment at the LHC. An unbinned maximum-likelihood fit to the
dimuon invariant mass distribution gives a branching fraction B(B? — u*u™) = (3.029) x 1077,
where the uncertainty includes both statistical and systematic contributions. An excess of B — u*u~
events with respect to background is observed with a significance of 4.3 standard deviations. For the decay
B® — " ™ an upper limit of B(B® — u"u ™) < 1.1 X 107 at the 95% confidence level is determined.
Both results are in agreement with the expectations from the standard model.

= SM: B° — u*uw

| 1 ] 1 1 1 1 l | | | 1
2000 2005 20

—
.

|

1 1

2015
Year

10
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Event characteristics

Key ingredients:
Good dimuon vertex, correct B mass assignment,
isolation, momentum pointing to interaction point

® Signal characteristics:

+ Two muons from a well reconstructed decay vertex
+ Mass compatible with Bs (or B°)

¢+ Dimuon momentum aligned with B flight direction // %

® Background sources:
+ Two semi-leptonic B decays (e.g. from gluon splitting) /u
+ One semi-leptonic B decay + misidentified hadron — g
+ Hadronic B decays \ l B ”/
+ Peaking: Bs—KK?* - =

I\ B
— More problematic within the B® mass window \ \

* Rare semileptonic: Bs—>K-p*v, Ab—ppv
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iscriminating variables

Boosted decision tree (BDT) selection
+ 12 input variables: kinematic, Tracker only, Muon only, Tracker+Muon variables
+ Trained on signal MC sample and dimuon data sidebands
Same BDT for normalization (B*—J/{)K) and control (Bs—J/{sb) channels
Robustness studies
+ Insensitive to invariant mass using MC signal events with shifted mass
+ Output independent on high- or low-mass sideband S
05 Secondary
+ Insensitive to multiple collisions (pileup) vertex

Examples of background separation variables &
&

.,
CMS L=20fo" (/s=8TeV) CMS L=20fo" (/s=8TeV) CMS L=20fb"(/s=8TeV) CMS L=20fb"(fs=¢ '%\
Dimuon [ Dimuon L Dimuon E Dimuon A

® data sidebands V)o,
(4

[e ® data sidebands [ o data sidebands r . ® data sidebands
B, = wtw

i 0B, = wrw [ (B, = wrw 8B, = wrw

A U T & P

‘
*¢*+W*¢+***:W mﬁ

0 50 100 0 0.05 0. 0 1 2 3 4
L/o(l,) x2/dof

Flight length Pointing Impact parameter B-vertex reduced
significance angle significance chi?
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Isolation variables

pr ()
PT(UTH™) + D AR<aPT

Relative isolation of muon pairs Isolation =
+ Cone with AR=0.7 around di-muon momentum

+ Include all tracks with pr>0.9 GeV from same PV or \

dca<500 pm from B vertex . Other pile-up -

+ Dip at ~0.97 from minimum track pr requirement vertices

CcMS L=20fb"(/s=8TeV) CMS L=20fb"(/s=8TeV)

Dimuon Dimuon
® data sidebands S ® data sidebands
NIB; = wrw

; S ‘ B B-vertex isolation
isolation Nfr',fse

either tracks not associated to any primary vertex or
oMS  L=20(5=8TeV) L=201b" ((s=8Tev) tracks associated to the same B candidate

Dimuon L Dimuon

. o data sobands : o cata siobands ¢ Distance of the closest track to SV (dca)

B, = urw [ NIB, —

Number of close tracks in dca<300 pm and pr>0.5 GeV
Muon isolation

%&k tracks in muon cone with AR=0.5

015~ 0. 05 1
&, [em] m1 isolation
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Signal normalization

Branching ratios calculated w.r.t. normalization channel B*—J/{(u " )K*

Many systematic uncertainties cancel in ratio

No need for absolute luminosity and b-quark cross section

Large B* yield and well known branching ratio to J/iK* (3% uncertainty)

Ratio of b-quark fragmentation fractions to Bs/B*: fy/f,=(256%20)%10-3 u+er o4 2013001

From LHCb

N(Bg - f
Br(Bs - ,U/—'_,LL_) — ( = lu /’L ) 6tOt

CMS L=20fb"(/s=8TeV) CMS L=20fb"(/s=8TeV)
> 40000F i

(O] r
235000 Barrel

Endcap
Q r
o 30000

a r
25000¢r

Candidates / 0.010 GeV

)
©

2 r
©20000F
S B
3 F

Br( — J/YK™)

201112
B* Candidates:
380%10°2 barrel
90x10°3 endcap
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Branching ratio measurement

BDT output divided into 4 (2) bins for 2012 (2011) data and barrel/endcap categories
Simultaneous UML fit of Bs and B? candidates:
+ Bsand B decays signal

+ Peaking backgrounds (e.g. B'—Kmw, Bs—KK)
+ Rare s-l backgrounds (e.g. Ab—puv) BR(B, — pup) = (3.0ﬁ8j§ (stat)"s (syst))xlO‘9
+ Combinatorial background

BR(B, — u) = (3575 (stat+syst))x 107"

Event-per-event mass resolution included
Significances

Bs—pu: 4.3 o (exp. median 4.8 o)
BO—pu:2.00

CMS-L=5f"Vs=7TeV,L=20fb" (s=8TeV - {5=7TeV, L=5 fb" {5=8 TeV, L=20 fb"

—— data o= . f 18l

— full PDF

T Bl—p
Bty
combinatorial bkg
semileptonic bkg
peaking bkg

o} BFE )= o

(352107 CMS+LHCb combination

' (~24% precision
CMS-PAS-BPH-13-007

(3.07"%%10°
0.9 30

ot 2.00

20 20
SM E\SM

9 o 19] LHCb 3fb ™

10

L f L
3 4 5 0 02 04 06 08 1
__ BFB—utu). BF(B"—u'w)

LRI L

CMS 25b ™"

Cretminary [~ (2.9£0.7)x107°
0 TS

N R £ Die 3 0 / € 9
b e N b b A Lo B i by Ix10 B(B?—>p.*p.‘)[10]
51 52 53 54 55 56 57 58 59 T S e e e e

m,, (GeV) BF(B]—u'w)

s
[0)]
(O]
<
Q
o
gt
[2)
2
c
(0]
>
w
©
(0]
pod
=
o
2
Loy
m
+
w
=
)

AL LN L L I L L L L L B |

LI L I L L I

TTT

©
o2

CMS: Phys.Rev.Lett. 111 (2013) 101804
LHCb: Phys. Rev. Lett. 08 (2013) 117
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Exclusion limits on B%— -

No significant excess observed in the B0 mass window
+ Upper limit on BR computed using CLs method

L = 5fb™ (7TeV) + 20fb™' (8TeV)
——— CL, observed
: Expected SM CL‘ +20
- Expected SM CL' +10
Expected SM (:Ls median

BR(B, = upu)<1.1x10” @95% CL
(expected 6.3x10710 in presence of SM+background)

BR(B, = up)<9.2x10™"° @90% CL

llllllllllllll

1.2 14 . 16 l 18
BF(B° — n*w)

The quest goes on!!

My call: use Run2 data to increase the precision on Bs branching
(SM precision ~5%), keep on hunting the B? decay,
measure ratio of the two decays
Perhaps surprises are still around the corner?
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&

Future sensitivity

0,
6B/B(BL — utyu~) | 6B/B(BY — uty~) 5%
35% >100% >100%
15% 66% 71%
12% 45% 47%

12% 18% 21%

CMS Simulation - Scaled to L = 300 fb™ CMS Simulation - Scaled to L = 3000 fb™

IS
an
o

—e— data

— full PDF

Bs—uwiw

[ By—uw
combinatorial bkg
semileptonic bkg

-.-- peaking bkg

—e— data

— full PDF

Bs—uwiw

[ By=uw
combinatorial bkg
semileptonic bkg

-.--- peaking bkg

N
o
o

TTT1

S/(S+B) weighted events / ( 0.01 GeV)

—
>
)
O]
N
o
o
Z
[2]
2
C
o
>
)
°
9]
e
<
2
o
=
Py
m
+
n
=
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o
o
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New physics in b—s transitions?

Described by effective hamiltonian in operator product expansion

+ b—s transitions sensitive to 079,10 W
b -

i=1,2 Tree
6 i-3-6,8 Gluon penguin
4GF

* i=7 Ph i
ey = == 75 Vi D CWOw+ Y CWOm) +C (WO ()| 910 Erectronoak penguin

i=1 LH i=7,...,10,P,S LH RH 1iS Higgs (scalar) pengpin

i=P Pseudoscalar penguin

\

”\ U'l ]1‘ y\‘

%%

¢d-integrated angular distribution

1 d’r 9 (]2 4 )
Decay B’—K*I1* provides T dcosf dcos 6, a2 16 { [3FS + 3 4s cos GK] (1~ cos*6))

samples sufficiently large to + (1~ Fs) [2F, cos 6 (1 - cos*6))
measure observables sensitive to % (1 Fu) (1 — cos?0) (14 cos?8))
effective coefficients. E.g:

+§AFB (1 — cos? GK) cos 91} } .

Arp x —Re[(QC,?ff + %Cgff)om] ¢° = dimuon invariant mass

C#/ are linear combinations of C(w)
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B—K*ww angular analysis

K* longitudinal polarization Muon F-B asymmetry Differential branching fraction

L=52f" V§=7TeV L=52fb" V§=7TeV cMs L=52fb" Vs=7TeV
-+ Data “F +4Data
mE - [ISM
E<SMm> - El<SM>

T ik

NS RIS e T Co v v by by v b e b by by 1w 1y
12 14 16 18 2 4 14 16 18

q%(GeV?) q?(GeV?)

CMS data: arXiv:1308.3409
SM: Phys. Rev. D 87 (2013) 034016

o
=)

BF/dq2 (10~ x GeV )
o -
>

d
1N
>

o
o N
TT T T7T

L=52fb" V§=7TeV
-o- Data
— Total fit
- - Signal
---- Comb. bkg
\ g% 16.00 - 19.00 GeV?
Y\| Signal yield: 103 = 12

Angular fit of the K system in bins of dimuon invariant mass g2
Signal yields ranging from 23 to 103 events in each bin
Vertical shaded bands correspond to J/is and {s(2S) resonances

Results consistent with SM predictions and previous
measurements

Events / (0.028 GeV )

World’s most precise measurement of Arg and F. at high g2

PR 1oL
55
M(K'7"u'w) (GeV)

Next: analyze 2012 samples and measure more angular variables
see the localized excesses observed by LHCDb [arXiv:1308.1707] and interpretations
[e.g.: arXiv:1308.1501, arXiv:1309.24686, ...]
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) Summary

The excellent performance of the CMS detector and LHC
have allowed key contributions to the field heavy flavor
physics

Wide range of topics covered: Standard Model physics
and the great beyond

Several aspects of heavy flavor production are not yet
well understood and spectroscopy is not a closed chapter!

No sign of physics beyond the Standard Model yet, but we
keep on searching!

Analysis of the large datasets collected in 2012 is in
progress. Expect new results (and perhaps surprises?) at
the forthcoming conferences!
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BACKUP SLIDES

V. Chiochia (Zurich University) — Heavy flavour physics with the CMS experiment - 19-20/11/2013



Future upgrades

40 fb-/year >50 fb-1/year End of Phase 1
13/14 TeV 13/14 TeV 300-500 fb-1

13-14 TeV collision energy

\ injector
splice upgrade “cryolimit HL-LHC
consolidation interaction installation

cryogenics regions

SRS ECESE S ESE R N
dispersion e

button collimators, suppression

R2E project collimation, >250 fb- 1 /yea r

R2E project
' experiment beam ' - experiment 2 x nominal luminosity experiment
nominal nominal luminosity upgrade — upgrade

luminosity ~ \ pipe hase 1
70% \p_ radiation
— damage

LHCb Upgrade ATLAS/CMS
ATLAS/CMS Upgrades phase 1 Upgrades phase 2

~3000 fb-! expected in 10 years running
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d

Upgrade
4 barrel layers

Upgrade Outer rings
n=0

] ' — mw m ®  Four barrel layers and three endcap
disks on each side

| lnnerings

Carbon fibre structure, CO2
evaporative cooling, first layer closer
Current to interaction point (2.9 cm)

3 barrel layers

Curen: | _ Analog readout with on-chip
" | | | digitization
New (Old): 79 (48) million pixel cells
distributed over 1184 (768) detector
modules

Pixels

[ Current Pixel Detector e  Upgrade Pixel Detector

:...0R; TThar Events

o 0 -('}furrent'-Deieq::ior-Sé -Pileufp .-
..M. Upgrade. Detéctor.50 Pileup. ...

T

-]
o

\\

~
=

Transverse Resolution [um]

(=2
=

Average Tracking Efficiency (%)

a
o

—#— Current Pixel Detector

Y
o
Ratio

—e— Upgrade Pixel Detector

A B R B N | ; ; ; ; ; ; ; ;
20 40 60 80 100 50 60 70 80 0
Average Pileup Number of Tracks

lengths Tracking efficiency Primary vertex resolution

]
o

e e b
1

Radiation
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Bs(mm) BDT validation

@ Use differences between data and MC for systematics
Q B J/w Kt 3% ;B »J/wd 9.5% (2011) and 3.5% (2012)

CMS L=5f"(/s=7TeV)

[ B'—JnyK*
[ ®data
I~ \JMC simulation

Barrel |

CMS L=5f"(/s=7TeV)

F B~ Jmp o
[ e data
£ \IMC simulation

CMS L=5f"(/s=7TeV)

1800 __ ]
F B = Jp K
1600? ® data

1400; NIMC simulation

1200- \

wm?Endcap \
800 ‘
600"
400"
200-

CMS L=5f"(/s=7TeV)

FB,—Jhyo
[ ®data
E \JMC simulation

22000F

20000

18000
16000
14000~
12000
10000
8000"
6000F
4000
2000"

CMs L=201f"(/s=8TeV)

LB Jy K
® data
F \YMC simulation

Barrel

-1 -0.5 0 . 1

BDT
CMS  L=20fb"(Is=8TeV)

F By —>Jiy ¢
[ ®data
[ \IMC simulation

CMS L=20f"(/s=8TeV)

FB' = Jy K*
[ ®data
' JMC simulation

Endcap

BDT
CMS L=20fb" (Vs =8TeV)

B
[ e data
r \JMC simulation
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Lifetime measurements




Ap lifetime

CMS
Vs=7TeV L=5fb"

CMS
(s=7TeV L=51b"

== Fit function
= Signal

Ap baryon lifetime in J/AJA decays

Nonprompt background

== Fit function

= Signal

= = == Prompt background
Nonprompt background

Events / ( 0.006 GeV )
Events /(0.16 ps)

Theoretical predictions in tension with earlier

Ap—JIBA measurements

Use dimuon trigger without lifetime
] H significance cut.

Lifetime from combined maximum-likelihood
mass and proper decay time fit

AN . + About 1000 signal events
Invfl:ant msé.is J/ut;.—’/:\g[GerJ o . . . Prgper t;.toecay1.t2ime1[?>s] ¢ T(Ab)=1 -503 i 0-052(Stat.) i 0-031 (sySt.) ps
+ World average: 1.425 + 0.032 ps

BO lifetime determined in J/K decays as
cross check compatible with PDG

HO L O oW

“
aE
28
;
0
-1
-2
5.

1.1

1.0

+ }45,

P

PDG 2012 average
—o— Not used in PDG 2012 average
—e— Used in PDG 2012 average
—+&— CMS - this measurement

-cAb/tBo,PDGZO12

o2 Dominant systematic uncertainty from proper

decay time efficiency

Compatible with ATLAS determination and
world average

0.8

0.7

0.6

0.5

0.4
| IR (AR RIS NS U NI N S RS R

1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014

Year of publication

JHEP 07 (2013) 163
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&

Bs lifetime difference

Bs lifetime difference AI's=I'y-1"L
B SM expectation Al's/I's= 0.12+0.06

Selecting decays to J/ip candidates,
with J/—pp and b—KK.

5D fit of mass, proper decay time and 3
angular variables to separate CP states

+ 0.048 +0.024 (stat.) £ 0.003 (syst.) ps™'
Compatible with world average

CMS preliminary, 5 o'

Events / ( 0.0045 GeV )

\Vs=7TeV

vents / (0.1)
S -3
=3 =]

T = TT \o

E
]
=1
=]

800
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400F

200F

Gl L
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N
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]
® o
S 8
S oS

2
S
S

E:candidates

GhbO Lo snO
T

CMS preliminary, 5 o'
s=7TeV

~15k
signal

® Data

— Signal
— Background
—Fit

SR SO TR L XS
i T

5.25 53 535 54 5.45

Invariant mass Jip K*K™ [GeV]

CMS preliminary, 5 fb" \s=7TeV
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Summary of CPV in Bs decays

Rather consistent picture from Tevatron and LHC experiments
Closing on the SM value also in this case
CMS currently working on the determination of the CP violating phase ¢s

LHCb 1.0fb™" + CDF 9.6fb '+ D@ 8fb~' + ATLAS 4.9fb™"
IIIIIII’IIII'~I\III|IIIIIIIIIIIIII
’ DO HFAG
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68% CL contours
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Baryon and meson

spectroscopy




Heavy baryons with beauty

In heavy quark effective theory an heavy baryon is made of
+ Static color field from heavy quark
+ Cloud corresponding to the light di-quark system

6.3

6.2 : “Hydrogen atom of QCD”

6.1

6.0

=
Q
Q,
"
7
©
£

59

5.8

57

]

blgql b{qq} blgq] b{qq} bfqq}

5.6

Antisymmetric flavor configuration [q1,92]: A-type baryons Ap%=|bdu>
Symmetric flavor configuration {q1,q2}: 2-type baryons 3p=|buu>
gi is a strange quark: =, family - both gi are strange quarks: ()
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=~ selection

=b_ reconstruction:

Displaced + prompt J/y trigger.
Muons matched to trigger objects.

Two tracks forming a very displaced
vertex. Proton: highest |p| track.

Mass constrained kinematic fit * *

S/

PV H PDG: 5790.5 + 2.7 MeV
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=~ selection

—b~ reconstruction:

Displaced + prompt J/y trigger.
Muons matched to trigger objects.

Two tracks forming a very displaced
vertex. Proton: highest |p| track. 20 MeV K< mass veto
S

Mass constrained kinematic fits® «
20 MeV Q™ mass veto

To save CPU time, before the
—> 1+ kinematic fit:

. |[Minv(ATT) —MpPDG(=)| < 50 MeV

PV
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=~ selection

—b_ reconstruction:

Displaced + prompt J/y trigger.
Muons matched to trigger objects.

Two tracks forming a very displaced
vertex. Proton: highest |p| track.

Mass constrained kinematic fits® «

J/y mass constr. kinematic fit

Same track .
not used twice .

Choose closest PV, in 3D,

to =~ trajectory. To save CPU time, before the

—> 1+, kinematic fit:

"o IMinv(ATT) ~Mppa(Z)| < 50 MeV

* 5.5 GeV < Minv(J/p=) < 6.2 GeV
PDG: 5790.5 + 2.7 MeV
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X(3872) production

X

JHEP 04 (2013) 154
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Important measurement to better constraint the particle nature

Measured at central rapidities using J/{(uw)mm decays and assuming JPC=
Total cross section largely dominated by prompt production (~75%)

Ratio to i(2S) cross section and non-prompt fraction independent on pr
NRQCD underestimates the measured cross section

Prompt cross section = ¢! (pp — X(3872) + anything) - B(X(3872) — J/ynt 7~ ) = 1.06+0.11 (stat.) £ 0.15 (syst.) nb.

NRQCD = 4.01+0.88nb (10 <pr<30GeV, |y|<1.2) (>30 larger than data)
Non-prompt fraction = 0.263+0.028
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http://link.springer.com/article/10.1007%2FJHEP04%282013%29154

I't (MeV) M2 (MeV)
4350+46.51+£0.7 13+18 9x4

4143.0+2930+0.6 18810 g 12:2.8 4274.4+8467£1.9 32.34+421.9+7.6

4148.0+2.4+6.3 28+15.11£19 4313.8+5.3+7.3 38+30.16+£16

4159.0+4.3+6.6 19.9+12.6+1045 4328.5+12.0 30 (constrained)

V. Chiochia (Zurich University) — Heavy flavour physics with the CMS experiment - 19-20/11/2013



