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LHC Yields large amounts of data at the world’s Highest Energy
It just discovered the Higgs, confirms & completes the SM

Opportunities to perform SM measurements & search for new phenomena
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CMS Detector
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CMS Detector Performance

LHC 2011 RUN (3.5 TeV/beam)

Excellent muon/silicon detectors: : A;;f;;jﬁ;ﬁj' L

» Muon system | e ey ol
— High-purity muon identification

—o— ALICE 4.877 pb™!
4 || PRELIMINARY

Delivered integrated luminosity (fb™")

— Good dimuon mass resolution (Am/m~0.6% for J/W) 3 :

 Silicon Tracking detector > |
— excellent track momentum resolution (Apt /p~1%) A |
— excellent vertex reconstruction and resolution ] oot
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LHC luminosity & CMS trigger: Fod e, g
. . ' . . - 3 s=rle mJ
 Collect data at increasing instantaneous luminosity g 103 B,
£ ]

 Triggers are essential ingredients
— Special triggers for different analysis

— Combination of dimuon vertex, minimum di(muon)
transverse momentum, and displaced dimuon vertex
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Introduction

. Search for new physics by measuring deviation from standard model

. Measuring properties of rare decays like B2 uty-, B=>Ku*p-...

. Discovery (exotic) states. Help advance our understand of hadron
formation

. Test standard model, especially QCD models via precise measurements
. Measuring heavy meson lifetime, cross section, BF, angular distributions

. Further study less well-known mesons, like B,



https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsBPH13004
PRL 111 (2013) 101804

Observation of B 0-)u -

+
. Test SMin the loops: » e H
Z
. Flavor Changing Neutral Current (FCNC) t 7 w
> > W
b p+

. No tree diagram, only higher orders
< I-I+
. Precise SM prediction: S ,-{;f 2

. BBLDpH) = (3.65+0.23)X10°9

. BBy=2Pptu) = (1.06+0.09)X10-10 PRL 112(2014)101801, PRD 89(2014) 034023

. Possible contribution from NP examples:

. HDM BF « tan* & m(H*), JHEP 05 (2006) 063; MSSM BF « tan®@3, NPB 760 (2007) 38

. Leptoquarks JHEP 11 (2010) 073



Observation of B.%=>» i+~

. The B.%/B signals (MVA--BDT):
. Displaced dimuon vertex
. align momentum and flight direction

. Isolation

. Reference--B*=»J/pK+, f /f. from LHCb

YU 'S

. Combine 7&8 TeV data, Barrel & Endcap

. Two approaches:
. Extract BF from a fit to 12 BDT bins

. Cut BDT output (1D) as cross check
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsBesultsBPH11026

_ arxiv _1309.6920 [hep-ex|, accepted by PLB_
Observation of peaks in the J/\p¢$ mass spectrum in B decays

~ 10 CDF Run Il Preliminary L=6.0 fb"
‘s: 9 CDF-PUBLIC-NOTE 10244
- New X/Y/Z states poses a challenge to = 20
conventional quark model, possibly a new = 6
door is open 2 >
o 4 B
1 s |
: o - 0
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arXiv 1309.6920 [hep-ex|, accepted by PLB

Observation of peaks in the J/\p¢$ mass spectrum in B decays
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Largest B*=>J/PpPpK+ sample to date.
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Observation of peaks in the J/\p¢$ mass spectrum in B decays

Investigating the Am = m(uTpuK*K") - m(u*u) S aooCMS, s=7TeV.L=62f0"

g EarXiv:1809.6920 ;g?tg - :

. exclude Am >1.568 GeV region to avoid bkg & T e ety sand ]

from Bs—=((2S)b— J/Prd decays 27 & f oo Ezzf:::m:z:zg o)

= 150:_ + 1D fit _:

Am spectrum obtained by: b + _ +ﬁ ‘H - ‘

. dividing the dataset in 20MeV Am bins sof /+ P 4 + """ E

. extracting the number of B signal in each Am olllll~L

bin by fitting the J/W K spectrum oo i Gev]
Yield Mass (MeV) I (MeV)

310 + 70 4148.0 + 2.4(stat) + 6.3(syst)y  28*15_44(stat) + 19(syst)
418 + 170 4313.8 £ 5.3(stat) £ 7.3(syst)  38+30_5(stat) + 16(syst)

CMS confirmed Y(4140) with a significance >5 standard deviations, and
saw evidence for a second structure in the same mass spectrum

Later DO also confirmed Y(4140) with a significance of 30 11



Cross Check with clean B*— J/\p¢K Sample

 CMS, G 7 TeV, L 52f:)

L R A CIATEEY 1 - B
@ 101?“<m|< )=« O?Fio SeV
Additional requirements: 2 550 ¢ )< o Gl
. kaon pr > 1.5 GeV g 30 S Du
g 250 = = Background
- B* vertex CL > 10% o

- Bf vertex detachment: >7X from beamspot ™
« M(K+K-) within 7 MeV of ¢ mass
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Further Investigation in the whole Am region

The Am spectrum after subtracting B%,  The extension of the Am spectrum, after
contribution but including non-B evens,  subtracting non-B background, to the full
within 1.50 (0 = 9.3MeV) of the B mass. phase space.

CMS, Vs =7 TeV, L=52fb" CMS, IS = 7 TeV, L=5.2 fo”
> 600r ) ) > B00F T T
() - B mass signal region D - + Data .
E 500 - mg-1.50 < m(J/p oK) < mg+1.50 > 2502_ —4— Data minus B | _:
& s > Tk —— Global fit | .
@ - X Y I Three-body PS | ’
£ 400 - 5 2001~ — - Three-body PS | =
% - f - extrapolation | .
g 3001~ 150/~ -
© - n | .
200 \ 100 I -
100 - K 503 T _f
E \ 2 ‘{(:
0" . . . . . R EAREY 0 ‘
Am [GeV] A1 i— T e e
The events in pervious cutoff region are consi Ith phase space. Am [GeV]

The absence of strong activity in the high- A m region reinforces our conclusion that the
near-threshold narrow structure is not due to a reflection of other resonances.
Demands an explanation 13



https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsBPH11016
PLB 727 (2013) 57

Search for new bottomonium state decaying to Y(1S)rt*1t

. Exotic resonance X(3872) discovered in the final state J/{ritm

- A bottomonium counterpart X, may exist and decays into Y(1S)rt*rr

. Mass close to the BB or BB* threshold,10.562 and 10.604 GeV

. Similar to X(3872), narrow width and sizable branching ratio into Y(1S)rttm

. Look for a peak in the Y(1S)(utu)rt*rt invariant mass spectrum

ox, X BR(X, - Y(18)ntn™) . .
oy(2s) X BR(Y(2S) - Y(1S)n+=w~) as a function of Xbmass [1 0!1 1] GeV

- kinematic region: p( Y(1S)*rt-) > 13.5 GeV and |y(Y(1S)*11)| < 2.0

- Measure r =

14



2012 dataset ~20 b

Xb candidate reconstruction

- Xp candidates reconstructed by associating the Y(1S) to 2 pion tracks

. optimized to maximize expected signal significance near Y(2S) mass

« Expected significance > 50 if Xp BR * cross-
section > 6.56% of the corresponding Y(2S) —
Y(1S)rrmt-value (analogous to X(3872) — J/rr)

JHEP 04 (2013) 154

- Separate “barrel” and “endcaps” events to
exploit better mass resolution and lower
background in the barrel region

. No structure apart from Y(2S) and Y(3S)

Candidates / 6 MeV

Candidates / 6 MeV
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[ L L T L B — 1
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Xp search: mass scan

- Explore 10.06-10.31 and 10.40-10.99 GeV mass regions

- Shift Xp expected mass in 10 MeV intervals and evaluate signal significance

- Xp signal modeled with a Gaussian function

. Fix signal width to value from the simulation (3.8 to 16.4 MeV)

. background parametrized with a 3@ order polynomial

. for each mass point, evaluate Assumptions:

obs

R=|_—2

€y (25)

obs

Y (28

observed yields of Xp
and Y(2S) candidates

be

= same production mechanism for Y(2S) and Xp
» both produced unpolarized
» same dipion mass distribution for X, and Y(2S)

overall efficiencies estimated
from simulation

16



. Local p-values calculated using asymptotic approach and combining results

of fits to the barrel and endcap regions

« Systematic uncertainties implemented as nuisance parameters

Upper limiton R

first upper limits on X, PLB 727 (2013) 57
production at a hadron collider
T T ] T T ‘ ! ' I
cMs ) - 10 Expected s ! W V v\ N\
10% [ Vs =8 TeV | = 20 Expected ]| a 2| ‘/\{ 2o
a% | 10 | CMS ]
s — s =8 TeV o =
6% | :
] 10 L =207 " 4a
4% | i ]
10° | 50
A .
2% Ll e A 6o _
10" |- —— Observed ———— ]
— Expected for R=6.56%  _ E
1% B | | ‘ ) | | ) ‘ , 10-17 1 1 70
10 104 10.2 103 10.4 105 10.6 10.7 108 109 11 10 S b 108 108 G V"
My [GeV] Wy, (GeV]

No significant excess is observed

95% CL upper limit on the cross-sections*branching fractions ratio: 0.9 - 5.4 %
17



X(3872) cross section

- The X(3872) was discovered in 2003 by Belle
. Later it was confirmed by CDF, DO, Babar

. [ts nature is uncertain=»exotic candidate

- Previous analyses (before CMS measurement) prefer JPC=1++ or 2-+
« CMS measurement assumed 1++

. Later LHCb measured its JPC as 1++, PRL 110, 222001 (2013)

. It is produced both promptly and from B decays at LHC

- CMS measures both prompt and non-prompt cross section

18



JHEPOZ2 (2012) 011 Phys Rev D81 114018

X(3872) cross sectlon

« R=X(3872)/P(2S) cross section ratio
« X(3872) and (2S) are assumed unpolarized

- Variation up to 90% due to polarization

- Non-prompt fraction (B decays)
- Separated based on L,

X (3872
X (3872) _ Lmy( ) "M X (3872)
Ty

pr

- Non-prompt events (Ixy>100 pm)
. Contribution from prompt <0.1%

- Cross-checked by 2D fit to the mass and |,

Nonprompt X(3872) fraction

20

20

L ,1.'1-
-
30 40 0
p (Jy =" ) [GeV]
L ; F;.'t.
30 S0 50

P (My =7 ")[(J‘-Vl



X(3872) cross section

- Prompt cross section compared to NRQCD - Compared to simulations with and w/o

JHEPO2 (2012) 011 Phys Rev D81 114018 intermediate p° in the J/ m*r decay
—1 T T | T T T T I T T T ‘.Ir‘ 14_| T TT ] T 17T I 1T 17T | 1T 17T | 1T 1T l 1T I_
% 10 CMS Vs=7TeV S - D20 Gev CMS \Vs=7TeV -
0 C L=4.38fb" ] o)) 12F Iyl < 1.25 L=21fb" ]
B AN lyl <1.2 i 9 [ - Simulation: X(3872) — J/y n'm (non-resonant) 7]
= - B . B - — Simulation: X(3872) - Jiy p -
aal - $ RN - tg mgggg uncertainty | Eﬁ 10 -
o 107 D - 5 8 .
kS t : ke, i i
L= . ) - _
Q_N | ~ i s -
33 t ] T -
5% | St S O R 1
X o ;
102 = A ’

t . 2r H.:L:_,—EH ~

Lo Lo, Lo, Loveronr, ] 0: 1 + .

10 15 20 .25 30 F o T

p,(Jy " ) [GeV] 05 055 06 065 0.7 075 08

NRQCD predictions significantly exceed m(r'r) [GeV]

the measured value, while p; dependence The intermediate p° decay gives
Is reasonably well described better agreement with data

20



https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsBPH13005

Measurement of the Xp2 over Xp1 cross-section ratio

- Measurements of cross o*e—> bE
sections and feed-down ((1057%)
fractions of P-wave B
quarkonia are crucial to | To03ss)
understand quarkonium PTTT (o3 (0255)  (10270)
production v T b
g Y(10025) X 1, - Zusténde
. . g 1007 (9915)
. Relative production cross- ke (0875) | (9895) )] ——
section ratios of P-waves
are by themselves
interesting tests of (NR)QCD o5 szso)
T
‘fl ”Fl’o ‘Fl’u ‘ﬁ’z
: T

21



Xp reconstruction in CMS

. CMS already performed the measurement of Xc cross section ratio

Eur. Phys. J. C72 (2012) 2251 fﬁ, 7000
. Same with Xp using 2012 data (~20 fo'")
§ 4000

- Reconstruct via the radiative decay -
. XC1,2 - J/l.l) Y 2000

- Xo1,2(NP) = Y(NS) vy 0

/

|‘ L

CcMS
pp, \s=7TeV
L=4.6fb"

A —— ~
Yo L! I e LY B o WY Bt N

0

5

10 15 20 25 30 35 40 45 50
Conversion radius [cm]

- Small cross section and mass difference between Xp1 and Xbz (19.4 MeV)

. Use photon conversions in the silicon tracker

22



The Xb1,2 signals

Divide Xob1,2 in four bins of Y(1S) transverse momentum in the range 7-40 GeV

>
®1800 ©220F 3
=180p CMS Preliminary S°L CMS Preliminary |
%160;7Gev<pT(Y)<11 GeV pp, (=8 TeV %200 __11 GeV <p, (Y) <16 GeV pp, (=8 TeV 3
'§ - L =207 fb" §1ao - L =207 fb" 3
w L r 7

Considered phase space:
[y <1.5
InY| < 1.0

SRR IR e Gk sk ohape of the signal peaks

My, [GeV] . . .
%120_—0IIIIIIIII|YI]IIIIIIIIIIII!IlIIIIl!II—0’140_ ~ based on Slmulatlon StUdleS
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”73 -1SGeV<pT(Y)<ZOGeV pp [s=8TeV % :ZOGeV<pT(Y)<4OGeV pp (s=8TeV
2100 ’ 2 ’
5 L=20.7 fb" 5'%°C L=20.7fb"
i i

o]
o
T T T

Mass resolution ~5 MeV

60
40}

20H]

: PO

NI PWION ITTTEr Srorif il NS I I I conae b e P e b e 8
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R

yields of Xb1,2 signal candidates

Xbv2/Xp1 cross section ratio

L o(pp = +X) Nyl le1] Bl (1P) = Y(1S) + )

N

clpp = xp1 +X) E\fxle €2 | B(xp2(1P) — Y(1S) + )

Ratio of BR from PDG

€12 acceptance and efficiency

No significantly dependent on Y(1S) transverse momentum

olt,) Blx, Y1)

olx,) BOG,—~YY)

o
®

—
N
LI —

0.6

LI L L L L

CMS Preliminary _|
pp /s=8TeV
L =20.7 fb™

0.4

0.2

ly(Y)l < 1.5

) < 1 —
Unpolarized ]

30 35 40

p,(¥) [GeV]

';’5 i
3'1.6

0.6

0.4

0.2

14f
1.2}
1

0.8

ok

llllllllllllllllllllllllllll

CMS Preliminary_:
pp Vs=8TeV
L=20.7fb" ]

- 9% BR uncertainty not shown

ly(Y)l <15 -
) < 1
Unpolarized

p,(Y) [GeV]

™ Theoretical prediction:

ratio increase at low pr.

1 based on CMS X; result
_ PRD 86 (2012) 074027

Uncertainties:
Error bars — statistical

Colored bands — total

24



https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsBPH13005

Measurement of B Branching Fractions

- A unique heavy-quark dynamics from two different heavy flavors (bc)

- Both quarks compete in the decay

- Experimental knowledge rather poor (only produced at hadron colliders)

- Only few decay channels have been observed so far

. NO cross section measurement is available

. Here we show the CMS measurements of

BR(B; — J/ym*n*n¥) N(BE — J/yrt) x egs  Yp,

BR(BZ — J/yn) N(B* — J/YK*) X ez Yp

o(BZ) x Br(BF — J/¢yn™) N(B — J/Ym*m*nT) X €g+_, jynt  Yar
o(B*) x Br(B* — J/YyK=*) — N(B; — J/¢¥m*) x €t Y,

—J/YrtaEaF

25



Event selection

. T JIP 2011 dataset
c - -1
@ “ H 51b
SV
-|—[+
-|—[+

. Selection criteria optimized to maximize S/sqrt(S+B)
. Consider the kinematic phase space pt(Bc) > 15 GeV and |y(Bc)| < 1.6

. p1(B*) > 15 GeV and |y(B*)| < 1.6 for the B*—=J/PpK* normalization channel

a

Be— J/pretretn® Be—J/rt* Bt —J/PK*
o L B B B B B B B B B o ' o SR B B B B LR B
S CMS Preliminary | s SoF CMS Preliminary = 200001 CMS Preliminary 7
=100~ pp, Vs =7 TeV = [ p(B)>15GeVc pp, s =7 TeV = 18000[ pp,\s=7TeV -
2 250  yB)<16 L=5.11fb" 216000 L=51fb" ]
2 2 2 g ;
2 g0 £ of £ 14000 3
B | B aob 5 U :
& [ @ b 4 12000 =
6or 30 T} 10000} e
L L r p.(B%)>15 GeV/c
wl A 176 £ 19 evem‘s{ 8000} EN<is ]
- 1 j 20 . 5000;_ _:
L o M S i e ; 4000f
20 p,8)>15Gove e ; 90398 357 event
Iy(® )l <16 92 + 27 evem‘s| 2000 :
| | ] cpepeyedeyeyegeye PEPTYTPEPIS bt "

el e T T T TR P P PR PR P i e L
06 6.1 6.2 6.3 6.4 6.5 6.6 g.B 59 6 6.1 62 63 64 65 6.6 6.7 &15 52 525 53 535 54 545 5.5 26
Jhpr=ntn™ mass (GeV/c?) JApn: mass (GeV/c?) JAPK* mass (GeV/c?)



Efficiency evaluation

Different strategy for different mesons and different channels:

/ independent mass-
« Be—=J/Pr* and B=—J/p K* signals combinations
. 2(1 1+t
. efficiency parametrized as a function of the B meson pr MU )iow
- M2(TT T )high

— 2 -
. Be— J/PrEEnF channel - mA(ptm)
- mA(TrrTT)
- Many sub-structures involved--treat as 5-body in entire PS o s
- MAUTT)iow
. Description independent of the decay mode . mz(u_ﬂ+)high
. Efficiency parametrized as - mM2(uTT)

€ = |po+pl -x+pz-}/+;73-z+p4-w+p5-r+pé-t+p7-s|
- Determine 7D free parameters using a ML fit on generated events

. Use Bc—J/P3mr non resonant MC, where all PS configurations are covered
27



B: Branching Fraction results

The two ratios are measured to be

Br(BF — J/yntntnT)
Br(BF — J/ypmt)

=2434+0.76 (stat)fgzﬁg (syst) }

in good agreement with LHCb measurement

BR(Bf — J/¢yrEr*nT)

—=2.4140.30+0.33  Phys. Rev. Lett. 108 (2012) 251802
BR(BE — J/ynt)

o(BF) x Br(BF — J/pm¥)
7(B*) x Br(B* — J/yK*)

= (0.48 £ 0.05 (stat) £ 0.04 (syst) 1903 (18,)) x 10—2]

complementary to the LHCb result, which covers pr( B¢(BY)) >4 GeV and 2.5 <n < 4.5
R/, = (0.68 £ 0.10(stat) = 0.03(syst) & 0.05(lifetime))%

Phys. Rev. Lett. 109 (2012) 232001

28
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arXiv:1406.0484 [he_o -ex]

Double J/Lp?roduc lon @CMS
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. Separate prompt J/P () pairs based on significance of two J/ distance
- First time @high-p+ region, no solid model. Complementary to LHCb (p; and rapidity)
- SPS (single parton scattering) vs DPS (double parton scattering)?

. Evidence of excess at |Dy| > 2.6 indicative of DPS?
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Summary

e Thanks to the excellent LHC and CMS performances
e Made important measurements of B-hadrons and quarkonium

e Demonstrated CMS can/will play important role in new physics
searches and exotic states studies

Stay tuned!

All CMS B-Physics results are available at
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResulisBPH
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with corresponding relative efficiency curves

32



CMS, Vs=7TeV,L=521p"
> 400__'. LI L B B B | LA I B N B | LN L L B B L L B I T J__
S F ¢ Data 1
350_— . . -
S F —— Phase Space simulation 3
~ 300 —
T |
\2/2505— + + —E
200 —
150 ++ =
1oof— + —f
505— —f
oF } N -
-50:—|- 1 L1 1 l 11 1 1 l L1 1 1 I 1 1Ll L I 1 1 1 I 1Ll L1 l L1 1 1 I 1 L -I—:
1.5 1.6 1.8 1.9 2 21 22
m(K*K'K*) [GeV]
CMS, r 7TeV, L ssz CMS, E 7TeV, L 52fb
> 160 NG B T Lo T T ]
g o m(KKK’)<1.680rm(K+KK")>1.88GeV: %’ " 168<m(KKK)<1886eV i
S 140F ¢ Data E S 80: ¢ Data ]
- . N —— Ph imulation ]
~ 120~ + —— Phase Space simulation™ ~ [ ase Space simulation
f - 1 & N ]
@ 100} 4 D 60f- -
zZ - 1 2 - .
80 + - N Z
60 < 4 4or + 7
. | E - i
40: + + + + . 20__ - —_
- --- -
20F - - 1
" + .- ] » i,- N -
o" ] 0_ | 2 g |
-l L [ ] L l l L L l L L l L l L L r I L L 1 L l 1 1 L L l 1 L 1 [ Il 1 L L l 1 L 1 1 l L 1 L L l
1 1.1 1.2 1.3 1.4 1.5 1.6 1 1.1 1.2 1.3 1.4 1.5 1.6 \
Am [GeV] Am [GeV] |




