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CMS: PAST, PRESENT, AND FUTURE



 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- C

M
S:

 P
as

t, 
Pr

es
en

t, 
an

d 
Fu

tu
re

 - 
Kr

ug
er

 2
01

4

Big Five
✦ We are close to the end of this great conference in a magnificent and unique place


๏ Many thanks to the organizers for a kind invitation!

✦ You heard excellent detailed talks on these subjects during the conference, including 

introductory talks with ATLAS and CMS physics highlights from Run 1

✦ The goal of this talk is to put the closing parenthesis by reminding you of some of the 

exciting results of Run 1 and discuss our preparations to new discoveries in Run 2 
and beyond

2
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✦Preparations for Run 2

✦Beyond Run 2

✦Harvesting Run 1 Physics Data

✦Publish or Perish

✦Conclusions

Outline
3



LS1 Progress
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CMS Consolidation
✦ LS1 Work:


๏ Completion of muon coverage (ME4)

๏ Muon operation improvements: trigger (ME1), DT electronics

๏ DAQ2 deployment

๏ New Timing and Control System

๏ Replacement of HCAL photo detectors 


✤ forward HCAL: new PMTs

✤ outer HCAL: HPD → SiPM


๏ Installation of a new beam-pipe

๏ Maintenance and repairs

๏ Beam Radiation Instrumentation and Luminosity (BRIL) hardware deployment


✦ Upgrades during Run 2:

๏ L1 trigger upgrade

๏ HCAL electronics upgrade

๏ Pixel detector replacement (YETS 2016—17) 

๏ Preparatory work on new beam-pipe

5
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LS1: Executive Summary
✦ Detector: LS1 has achieved its main goals


๏ Main deadline in the near future:

✤ Pixel insertion


✦ Trigger: on track

๏ ORM-OSLB is now part of the system

๏ Major milestones ahead


✦ Commissioning and Run: 

๏ DAQ2 and new Timing & Control Distribution System are actively tested in regular 

global runs

✦ Software: 


๏ Large amount of development to cope with 25 ns, increased pileup

๏ Release strategies being discussed 


✦ Computing: 

๏ No change in resources

๏ Lots of work in improving processes and performance


✦ CSA14:

๏ Well engaged, valuable feedback in software and computing areas 


✦ PHYS14:

๏ In preparation

6
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New Beam-Pipe
✦ New, thinner beam-pipe (∅=45 mm) is installed, baked out, and 

ready for new pixel detector installation during the YETS 2016

7
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Barrel Pixel Surprise
✦ BPIX quarter with 47 modules (7% of total BPIX 

modules) not responding or partially responding  
2 weeks before the scheduled installation date


✦ The affected BPIX half-shell has been transported 
to PSI for repairs


✦ The other three quadrants have been checked 
again and are working fine


✦ The problem is an Ohmic short between wire 
bond pads on the high-density interconnect:


๏ The shorts look like “whiskers” or “dendrites”

๏ Resulted from the power test in high-humidity 

environment

✦ Repair: shorts can be removed easily 

(mechanically), in parallel produce new modules 

๏ 19 repaired modules

๏ 40 new modules installed

๏ Affected half-shell is fully operational now 


✦ Insertion is scheduled for early December

✦ Despite a delay we will be ready in time for Run 2!

8
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Beam Instrumentation
✦ Two new Si luminosity monitor telescopes are getting ready for 

installation (following BPIX)

9

Si-PLT

IP

Z=+/- 1.8 m, R=5-6 cm 
Si-PLT: 

๏ 48 Si pixel sensors 
๏ special 40 MHz readout 

BCM1F:   
๏ 48 single-crystal diamond sensors 
๏ fast MIP counter, triggerless readout 

BCM1L: 
๏ 4 pCVD diamond – beam abort

BCM1F 
BCM1L

HF Luminosity:  
• Photo-detectors 
• backend electronics

Z=+/- 20.625 m, R=180 cm 

BHM: 
• Fast PMTs, directionality 
• Backend electronics 

Z=+/- 14.4 m, R=5 cm; R=28cm 

BCM2L: 
• 4 pCVD diamond (inner) – beam 

abort 
• 8 pCVD diamond (outer) - 

monitoring

HF Neutron RADMON:  
• Polyethylene moderator & ionization 

chamber

Medipix  
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Tracker Status
✦ Strip tracker commissioned to -15oC (tested to -20oC)

✦ Thermal shield installed; dew points sensors operational

✦ New molds are ready

10

Final seal
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ECAL/ES Status
✦ Faulty ECAL endcap LV connector repair


✦ HV connector  
repair on the  
preshower  
detectors11

Nov. 2013: damaged 
connector found on ES- due 
to problematic PCB. Both 
ES removed from CMS to 
the surface for repair of two 
connectors per endcap 
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HCAL Status
✦ Number of significant upgrades:


๏ New thin-window dual-anode 
readout PMTs in HF

✤ Reduce Cherenkov noise from 

punch-through muons

๏ New QIE10 ASIC chips for HF


✤ Final tests; to be installed in  
early 2015


๏ Replacement of HPDs with SiPMs 
in HO

✤ Much better MIP identification


๏ New µTCA back-end in HF

✤ Supports larger data volumes

✤ New μHTR trigger cards

12

"  New photo-detectors
#  HB/HE: HPD → SiPM (+finer longitudinal segmentation of readout)
#  HF: single-anode PMT → dual-anode readout PMTs (improved 

discrimination of anomalous signals)
"  New front-end electronics 

"  including TDC
"  New back-end electronics 

"  µTCA (instead of VME) to support larger data volumes

4 

HCAL Phase1 Upgrade 

QIE10 (HF) 
QIE11 (HBHE) 

A$B$
A$ B$

HPDs 

Single to dual readout PMTs 

SiPMs 

New µTCA Back-end 

P.$de$Barbaro,$23USepU2014$ HCAL$Phase1$

LS1:%HF%uTCA%Backend%

•  Final$produc)on$of$all$HF$
uHTRs$has$been$completed$
(August)$in$India$
–  17$uHTRs$received,$under$

tests$at$CERN$$
–  Remaining$30$units$will$

be$shipped$to$CERN$as$
soon$as$tests$at$Saha$are$
completed$$

P.$de$Barbaro,$23USepU2014$ HCAL$Phase1$ 7$

•  To$be$ready$to$readout$the$increased$number$of$channels$(2Uanode$readout)$and$
TDC$informa)on$aNer$YETS$2015/16,$the$HF$backUend$is$being$upgraded$now$
–  Integral$part$of$detector$commissioning$for$Run2$
–  Necessary$also$for$new$luminosity$system$

$

"  New photo-detectors
#  HB/HE: HPD → SiPM (+finer longitudinal segmentation of readout)
#  HF: single-anode PMT → dual-anode readout PMTs (improved 

discrimination of anomalous signals)
"  New front-end electronics 

"  including TDC
"  New back-end electronics 

"  µTCA (instead of VME) to support larger data volumes

4 

HCAL Phase1 Upgrade 

QIE10 (HF) 
QIE11 (HBHE) 

A$B$
A$ B$

HPDs 

Single to dual readout PMTs 

SiPMs 

New µTCA Back-end 

P.$de$Barbaro,$23USepU2014$ HCAL$Phase1$

LS1:%installed%new%HF%PMTs%
•  Replaced$old$PMTs$(thick$glass)$with$new$PMTs$(thin$glass$and$mul)Uanode)$

–  Wire$source$calibra)on$campaigns$performed$for$en)re$HF$

•  Installed$new$cables$to$support$2Uchannel$readout$$

–  All$anodes$ganged$into$a$single$channel$for$2015$
•  Implementa)on$of$2Uanode$readout$and$TDC$measurement$will$happen$in$YETS$2015/16$

–  New$frontUend$needed$

P.$de$Barbaro,$23USepU2014$ HCAL$Phase1$ 6$

Readout$Box$

components$
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Outer Hadronic Calorimeter
✦ Excellent performance after SiPM 

upgrade:

13
/ 7 

Nearest  
HO tile 

Muon 

Response to cosmic muons 
•  Extrapolate reconstructed muon to the nearest HO tile 
•  Compare the signal distribution with and without 

associated muon 

4 

Muon trajectory (dotted line) and its 
extrapolation to the nearby HO tile (blue) 

Signal spectrum with (blue) and without 
(red) associated muon (iη = -9, iφ = 55) 
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Muon Barrel Drift Tubes
✦ Chamber and on-detector electronics repair campaign:


๏ 3200 Tubes recovered

๏ 100% of problematic channels recovered


✦ Sector collector relocation:

๏ 20 new electronics crates installed, cabled, and commissioned

๏ 3500 optical links installed


✦ New Theta TRB:

๏ Installed and commissioned 48 new on-detector theta trigger  

boards

✦ Online software & commissioning:


๏ Timing-in w.r.t. other subsystems

๏ TCDS integration (3 partitions  

done)14
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Muon System
✦ Fourth layer of forward muon detectors completed

15 ME4/2 (CSC)

RE4/2 (RPC)



 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- C

M
S:

 P
as

t, 
Pr

es
en

t, 
an

d 
Fu

tu
re

 - 
Kr

ug
er

 2
01

4

Muon Shielding
✦ Shielding disk YE4 is installed on both sides

16
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CSC: Cosmic Ray Test
✦ Excellent performance of the new CSC muon 

chambers:

17

CSC cosmic ray hits in July
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Trigger Challenges
✦ Trigger in 2015 aiming to cope with:


๏ Factor of two increase in luminosity and a 
factor of two or more increase in cross 
sections


๏ Increased CPU time/event at HLT because of 
higher pileup (PU ≈ 40)


๏ Cater to the the Heavy Ion run: the trigger will 
be fundamental for the physics program 
(including PU subtraction)


✦ Goal: to keep the same acceptance for SM 
(e.g. Higgs) physics, and full sensitivity to 
new physics


๏ Improved calorimeter algorithms (PU, isolation, 
taus)


๏ Improved muon trigger due to new muon 
detectors


✦ Improved High-Level Trigger performance 
due to better tracking algorithm (goal: 1 kHz 
output)

18

HLT

L1  
EG25 
trigger
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New TCDS
✦ TCDS = Trigger Control and 

Distribution System

๏ TTC + TCS (Trigger Control System) + 

TTS (Trigger Throttling System)

✦ Done:


๏ Custom electronics boards: pre-series 
produced


๏ TCDS demonstrator system established 
in USC (max 16 TTC partitions)


๏ All sub-detectors have been connected 
with at least 1 TTC partition 


๏ Basic functionality demonstrated in 
global runs


✦ Ongoing:

๏ Commissioning and enhancements in 

progress

19

TCDS Demonstrator 
Full system installed  

in October
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DAQ 2 Changeover
✦ Changeover to DAQ2 done


๏ All custom electronics installed 

๏ Event builder network and nodes installed

๏ Small HLT farm (~1/8)

๏ File based HLT and DQM 

๏ Storage manager with Lustre (global file system) on legacy 

hardware

๏ HLT farm monitoring with ElasticSearch data-analytics tool

๏ mini-DAQ established


✦ Integration of TCDS

๏ TCDS DAQ-link (uTCA slink-express)

๏ Integration of TCDS in run control and monitoring


✦ Detector control system 

๏ Migration to blades, updated OS, JCOP framework and CMS DCS

20
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Schedule 2014
✦ Focus on regular Mid-Week Global Runs testing system integration and 

extended cosmic run of November

✦ Magnet test at 3.8T successfully completed:


๏ Closed the detector in ~1 month

๏ Stayed at 3.8T for ~1.5 days

๏ Collected 5.9M cosmic ray triggers at full  

magnetic field

๏ Measured noise rate in HCAL and new PMT  

performance

๏ Took ECAL laser calibration data

21
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First$results$from$Magnet$test$
•  Stable&running&with&all&
subsystems&

•  Strips:&In&the&run&at&\15C&
•  ECAL:&Recorded&laser&calibra>on&
data&at&3.8&T&

•  HCAL:&&
•  Gain&of&new&HF&PMTs&does&not&
change&due&to&fringe&fields&at&3.8T&&

•  Noise&rate&of&HBHE&HPDs&at&3.8T&
similar&to&Run1&

•  Muon&Systems:&
•  Good&trigger&behaviour&(primary&
source&for&cosmic&rays)&

•  Successful&inclussion&of&new/
upgraded&CSC&and&new&endcap&
RPC&muon&chambers&

•  Series&of&Midweek&Global&Runs&(MWGR)&in&2014&to&commission&the&
detector,&plus&an&Extended&Cosmic&Run&(ECR)&including&a&Magnet&Test&
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New&dry&gas&plant&

Commissioning$

•  Main&goals&achieved:&
•  New&DAQ2&and&Trigger&Control&and&Distribu>on&system&(TCDS)&deployed&
and&exercised&

•  Ini>al&>ming&of&trigger&chain&and&detector&readout&with&cosmic&rays&(axer&
LS1&upgrades&and&change&of&TCDS)&

•  Re\establish&legacy&trigger&axer&signal&splipng&

MWGR8% MWGR9%

Ex.%Cosmic%Run%

Mag.Test%%
Ex.%Cosmic%Run%/%



Preparations  
for Run 2
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CSA14 Exercise
✦ Computing, Software, and Analysis 2014 exercise in preparation for 

Run 2

✦ Computing has been a key player in CSA14 and has commissioned a 

number of new tools and techniques developed during LS1

๏ New miniAOD format, which is more than a factor 10 smaller than regular 

AOD 

๏ Data federation (AAA): the target is 20% of analysis access served over 

the wide area

๏ Commissioning of the new job submission tool (CRAB3)


✦ Production and reconstruction of 13 TeV events under various pileup 
scenarios


✦ Readiness of the Computing/Offline/Data Preparation and Analysis 
chain: test a subset of the new software, computing, and analysis 
features that can benefit from a large-scale focused challenge


✦ To be followed by PHYS14 exercise testing high-priority analysis 
readiness to first Run 2 data

23
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Software and Algorithms - I
24

✦ New improved algorithms

๏ Tracking: huge improvement  

in fake track rejection

✤ Improved seeding from  

triplets

✤ Cluster charge requirement  

to reduce out-of-time PU

๏ Boosted jets tracking: especially  

for b and top quark ID

✤ Use cluster splitting regionally around  

high-pT jets

✤ Improves efficiency at low ΔR


๏ New ECAL/HCAL reconstruction  
developments for 25 ns running


๏ Muon tracking

๏ Jet/MET PU subtraction


✦ Improved detector simulation
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Software and Algorithms - II
25

New muon iterations

✦ New ECAL/HCAL 25 ns reconstruction:

๏ Fits the pulse shapes for a superposition of several pulses

๏ Yields 10-50% improvement in resolution relative to Run 1 method for 

ECAL

๏ Improvement is also significant for HCAL


✦ Muon tracking improvements:

๏ Adding outside-in and inside-out seeding
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Software & Algorithms - III
✦ PUPPI [arXiv:1407.6013] technique uses per-particle PU subtraction


๏ Assigns a weight per particle depending on its pT and other features that 
can discriminate against PU


๏ First results based on full reconstruction look promising

๏ Can also be used for lepton isolation calculation

26

spectrum is generated such that the p

T

of the 2 ! 2 process is roughly flat across the range

15 � 500 GeV, in order to maintain reasonable statistics across di↵erent kinematic ranges.

Pileup events are generated as zero-bias soft QCD events and overlaid onto the hard scatter

event. Further details of the simulation are discussed in Sec. 3.

2.1 The Local Shape

For each particle i we define a shape

↵

i

= log
X

j2event
⇠

ij

⇥ ⇥(R
min

 �R

ij

 R

0

), (2.1)

where ⇠

ij

=
p

Tj

�R

ij

.

�R

ij

is the distance between particles i and j in ⌘�-space and p

Tj

is the transverse momentum

of particle j measured in units of GeV. R
0

is a parameter and defines a cone around each

particle i. Only particles within the cone enter the calculation of ↵
i

. In addition, particles

closer to i than R

min

are discarded from the sum. R

min

e↵ectively serves as a regulator for

collinear splittings of particle i. Here we use R

min

= 0.02 and R

0

= 0.3. The choice of R
min

is related to typical detector resolutions, as discussed in more detail in Sec. 3. Note that the

logarithm is outside of the sum so it plays no role in the infrared-collinear behavior of the

variable and just serves to rescale the range. The choice of ⇠
ij

is discussed in more detail in

Sec. 2.4.

Fig. 1 (left) shows a sample distribution of ↵ for particles from the leading vertex and

pileup. Due to the collinear singularity of the parton shower, a particle i from a hard physics
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Figure 1: The distribution of ↵
i

, over many events, for particles i from the leading vertex

(gray filled) and particles from pileup (blue) in a dijet sample. For ↵F

i

(left) we sum over all

particles as defined in Eqs. (2.1) or (2.4), for ↵C

i

(right) we sum over charged particles from

the leading vertex as defined in Eq. (2.3). Both distributions consider only particles with a

p

T

> 1 GeV. Dotted and solid lines refer to neutral and charged particles respectively.

– 4 –

G → W(“j”)W(“j”)
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2015 Heavy Ion Run
✦ The heavy ion running period in 2015 will be the first 

high-luminosity Pb run in the LHC program

✦ Projected machine performance


๏ Peak luminosity: ~4 x 1027 cm-2s-1 

✤ 4x LHC design value! 


๏ Maximum interaction rate: ~30kHz

✤ 8x 2011 PbPb rate


๏ Integrated luminosity:

✤ 0.8-1.5 nb-1


✦ Key hardware ingredient to cope with the high 
interaction rate is the L1 calorimeter trigger upgrade, 
as jet triggers need PU subtraction

๏ Good progress on installation


✦ HLT, computing, offline software, DQM, and 
reconstruction areas have been staffed with dedicated 
HI contact persons in preparations for data taking

27



Beyond Run 2
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Phase I Pixel Detector
29

29 mm

160 mm

43 mm

✦ Good progress with the Phase 1 Pixel Detector  
replacement


๏ 4 layers; radiation hard to ~500/fb

๏ Double number of channels to 124M

๏ CD2/CD3 approval last month

๏ Good progress on electronics, modules,  

and services; test insertion successful

๏ To be installed during 2016—2017 YETS

13% measurement of Bs(µµ) 
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Figure 2: Projections of the mass fits to 300 fb�1 (left) and 3000 fb�1 (right) of integrated lumi-
nosity, respectively assuming the expected performances of Phase-1 and Phase-2 CMS detec-
tors.

Figure 3: Projections of the mass fits to 300 fb�1 (left) and 3000 fb�1 (right) of integrated lumi-
nosity, respectively assuming the expected performances of Phase-I and Phase-II CMS detector.
Left plot is for barrel plus endcaps, while right plot is for barrel only.
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A Decade of Upgrades
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Phase 2 Upgrade
31
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New&dry&gas&plant&

Phase$2$Upgrades:$The$detector$

Replace&Tracker&&

•  High&granularity&–&less&material\&befer&p
T
&resolu>on&

•  Selec>ve&readout&of&outer&tracker&at&40&MHz&for&L1&trigger&

•  Extend&η&coverage&to&4&

Trigger/DAQ&

•  L1&with&track&up&to&750&kHz&&\&12.5&µs&latency&
•  HLT&output&up&to&7.5&kHz&&

Muon&systems&

•  Replace&DT&&&CSC&FE&
electronics&

•  Complete&RPC&coverage&

•  Muon&tagging&&2.4&<&η&<&3&

Replace&Endcap&Calorimeters&&

•  Rad.&Tolerant&\&higher&granularity&&

Barrel&EM&calorimeter&&

•  Replace&FE&electronics&&
•  Cool&detector&APDs&&

✦ Aggressive Phase 2 detector upgrade for HL-LHC
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Forward Calorimetry Upgrade
✦ The present ECAL endcap will largely degrade after 300/fb

✦ The forward rings of HCAL endcap (HE) will also sustain significant damage

✦ Need to replace forward calorimetry to take advantage of VBF jet tagging, 

boosted objects in the forward region, and increased acceptance to multi 
particle final states


✦ Two concepts are being pursued: Shashlik and silicon-based HGCAL

๏ Both require a partial rebuild of HE

๏ Decision in February 2015

32



 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- C

M
S:

 P
as

t, 
Pr

es
en

t, 
an

d 
Fu

tu
re

 - 
Kr

ug
er

 2
01

4

Forward Calorimetry Upgrade
✦ The present ECAL endcap will largely degrade after 300/fb

✦ The forward rings of HCAL endcap (HE) will also sustain significant damage

✦ Need to replace forward calorimetry to take advantage of VBF jet tagging, 

boosted objects in the forward region, and increased acceptance to multi 
particle final states


✦ Two concepts are being pursued: Shashlik and silicon-based HGCAL

๏ Both require a partial rebuild of HE

๏ Decision in February 2015

32



 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- C

M
S:

 P
as

t, 
Pr

es
en

t, 
an

d 
Fu

tu
re

 - 
Kr

ug
er

 2
01

4

Forward Calorimetry Upgrade
✦ The present ECAL endcap will largely degrade after 300/fb

✦ The forward rings of HCAL endcap (HE) will also sustain significant damage

✦ Need to replace forward calorimetry to take advantage of VBF jet tagging, 

boosted objects in the forward region, and increased acceptance to multi 
particle final states


✦ Two concepts are being pursued: Shashlik and silicon-based HGCAL

๏ Both require a partial rebuild of HE

๏ Decision in February 2015
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Tracker Upgrade
✦ New silicon tracker with extended rapidity 

coverage |h| < 4.0

✦ Augmented with a L1 track trigger


๏ Will allow to keep dimuon trigger with low 
threshold necessary for Bd(µµ) measurement


๏ 6.8σ discovery of the SM Bd signal made 
possible by the tracker and track trigger 
upgrade

33

L1 track trigger turn-on

CMS Collaboration 
PAS FTR-14-015



 S
lid

e 
G

re
g 

La
nd

sb
er

g 
- C

M
S:

 P
as

t, 
Pr

es
en

t, 
an

d 
Fu

tu
re

 - 
Kr

ug
er

 2
01

4

Some Benchmarks
✦ Technical proposal for Phase 2 Upgrade is being finalized


๏ Strong case has been already made for measurement of the 
Higgs boson couplings and extending reach for SUSY 
particles


๏ Achievable precision is typically limited by theory uncertainties

34

Effect!of!theoreDcal!uncertainDes!!
• TheoreDcal!uncertainDes!limit!the!achieved!precision!!

• Reducing!the!theoreDcal!uncertainDes!is!a!worthwhile!endeavor!

10/21/14! 8!

ATLAS:!Deduced!size!of!theory!uncertainty!to!
increase!total!uncertainty!by!<10%!for!3000!Y−1!
!
!

CMS:!
Scenario!1!
No!theory!uncertainty!!
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New Projections on Self-Coupling

✦ Double Higgs production remains one of the important 
goals for HL-LHC


✦ Focus of the studies shifted on improvement of 
sensitivity by exploring features of the upgraded 
detectors, e.g. better ID or better control of systematics


✦ Also looking into bbττ and bbbb final states

✦ The goal is to establish 3σ or better evidence for the 

Higgs self-coupling
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Phase$2$Upgrades:$Physics$highlights$
•  Variety&of&physics&results&presented&at&ECFA&
•  Higgs&pair\produc>on&studies&(cross\sec>on&
40.2&z&at&√s=14&TeV)&
•  Parameterized&object&performance&tuned&to&
CMS&Phase&II&detector&at&<PU>=140&

•  bbγγ&channel:&&
•  320&events&produced&at&3000z\1,&rela>vely&
clean&

•  2D&fit&of&Mbb&&and&Mγγ&&distribu>ons&
•  bbWW&channel:&&

•  30000&events&produced&at&3000&z\1,&large&
backgrounds&

•  Neural&Network&discriminant&to&suppress&f&
background&

•  bbbb&and&&bbττ&final&&states&&also&under&
considera>on&

H\>bbγγ&

H\>bbWW&
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Phase$2$Upgrades:$Physics$highlights$
•  Variety&of&physics&results&presented&at&ECFA&
•  Higgs&pair\produc>on&studies&(cross\sec>on&
40.2&z&at&√s=14&TeV)&
•  Parameterized&object&performance&tuned&to&
CMS&Phase&II&detector&at&<PU>=140&

•  bbγγ&channel:&&
•  320&events&produced&at&3000z\1,&rela>vely&
clean&

•  2D&fit&of&Mbb&&and&Mγγ&&distribu>ons&
•  bbWW&channel:&&

•  30000&events&produced&at&3000&z\1,&large&
backgrounds&

•  Neural&Network&discriminant&to&suppress&f&
background&

•  bbbb&and&&bbττ&final&&states&&also&under&
considera>on&

H\>bbγγ&

H\>bbWW&

H → bbγγ



Recent Physics 
Highlights
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B-Physics
✦ New combined Bs(μμ) result with LHCb

✦ Based on 2013 publications:


๏ CMS: Phys. Rev. Lett 111 (2013) 101804 (4.3σ obs/4.8σ exp.)

๏ LHCb: Phys. Rev. Lett 111 (2013) 101805 (4.0σ obs/5.0σ exp.)


✦ New result: 6.2σ obs/7.4σ exp.

✦ Also, a 3.0σ excess over background is  

observed in the Bd
0 search, compatible with the SM prediction at 2.2σ

37
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Figure 2 | Weighted distribution of the dimuon invariant mass for all categories.

Superimposed on the data points in black are the combined fit (blue) and its components: the
B0

s (red) and B0 (green) signal components; the combinatorial background (light blue); the sum
of the semileptonic backgrounds (black); and the peaking backgrounds (violet).

category, weighted according to values of S/S + B, where S and B are the numbers of163

signal events expected assuming the SM rates, and background events under the B0

s peak164

in that category, are added together and shown in Fig. 2. The result of the simultaneous165

fit, separated into the signal and background components and combined, is overlaid. An166

alternative representation of the fit to the dimuon mass distribution, for the six categories167

with the highest S/S + B value for CMS and LHCb, as well as displays for events with168

high probability to be genuine signal decays, are shown in the Extended Data Figs. 2-4.169

The combined fit leads to the measurements:170

B(B0

s ! µ+µ�) =
�
2.8 +0.7

�0.6

�
⇥ 10�9

B(B0 ! µ+µ�) =
�
3.9 +1.6

�1.4

�
⇥ 10�10.

where the uncertainties include both statistical and systematic sources, the latter con-171

tributing for 35% and 18% of the total uncertainty for the B0

s and B0 signal, respectively.172

Using Wilks’ theorem [25], the statistical significance is computed to be 6.2 standard173

deviations, �, and 3.2 � for the B0

s ! µ+µ� and B0 ! µ+µ� modes, respectively. For174

each signal the null hypothesis that is used to compute the significance includes the back-175

ground predicted by the SM as well as the other other signal, whose branching fraction176

is allowed to vary freely. The median expected significance assuming the SM branching177

fraction is 7.4 � and 0.8 � for the B0

s and B0 modes, respectively. Likelihood contours for178

B(B0

s ! µ+µ�) against B(B0 ! µ+µ�) are shown in Fig. 3. One-dimensional likelihood179

scans for both decay modes are shown in the same figure. In addition to the likelihood180

profile, the statistical significance and confidence intervals for the B0 signal are deter-181

mined using Monte Carlo simulated experiments. This yields a significance of 3.0 � for a182

B0 signal with respect to the same null hypothesis described above, and ±1 � and ±2 �183

confidence intervals, based on the Feldman–Cousins [26] procedure, of [2.5, 5.6] ⇥ 10�10

184

and [1.4, 7.4]⇥ 10�10 (see Extended Data Fig. 5).185
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Figure 3 | Likelihood contours in the B(B0 ! µ+µ�
) versus B(B0

s ! µ+µ�
) plane.

The (black) cross marks the result of the fit. The SM expectation and its uncertainty is shown
as the (red) marker. Each contour encloses a region corresponding to the reported confidence
level. Likelihood ratio scans (2�NLL) for each of the branching fractions are shown in the right-
hand side. The dark and light (cyan) areas define the ±1� and ±2� confidence intervals for
the branching fraction, respectively. The SM prediction and its uncertainty for each branching
fraction is denoted with the vertical (red) band.

The fit for the ratios of the branching fractions relative to their SM predictions, SB0
s

SM

186

and SB0

SM

, yields SB0
s

SM

= 0.76 +0.20
�0.18 and SB0

SM

= 3.7 +1.6
�1.4. Associated likelihood contours and187

one-dimensional likelihood scans are shown in the Extended Data Figs. 6 and 7. The188

measurements are compatible with the SM branching fraction of the B0

s ! µ+µ� and189

B0 ! µ+µ� decays at the 1.2 � and 2.2 � level, respectively. Finally, the fit for the ratio190

of branching fractions R yields R = 0.14 +0.08
�0.06, which is compatible with the SM at the191

2.3 � level. The likelihood profile for this parameter is shown in Fig. 4.192

The combined analysis of data from CMS and LHCb, taking advantage of their full193

statistical power, establishes conclusively the existence of the B0

s ! µ+µ� decay and194

provides an improved measurement of its branching fraction. This concludes a search that195

started more than three decades ago [27], and initiates a phase of precision measurement196

of this decay’s properties. It also produces 3� evidence for an excess of events in the197

search for the B0 ! µ+µ� decay. The measured branching fractions of both decays are198

compatible with the predictions of the SM. In 2015, the LHC will start a long run of199

several years delivering proton-proton collisions at a increased centre-of-mass energy of200

13TeV; owing to the increased cross-sections at this energy, these additional data will201

allow CMS and LHCb to improve greatly the precision of these measurements.202

Methods summary Both CMS and LHCb use boosted decision trees (BDT) [28–30],203

a multivariate analysis (MVA) technique, that combines several variables, each having204

some ability to discriminate between known signal and background events, into a single205
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Using Wilks’ theorem [25], the statistical significance is computed to be 6.2 standard173

deviations, �, and 3.2 � for the B0

s ! µ+µ� and B0 ! µ+µ� modes, respectively. For174

each signal the null hypothesis that is used to compute the significance includes the back-175

ground predicted by the SM as well as the other other signal, whose branching fraction176

is allowed to vary freely. The median expected significance assuming the SM branching177

fraction is 7.4 � and 0.8 � for the B0

s and B0 modes, respectively. Likelihood contours for178

B(B0

s ! µ+µ�) against B(B0 ! µ+µ�) are shown in Fig. 3. One-dimensional likelihood179

scans for both decay modes are shown in the same figure. In addition to the likelihood180

profile, the statistical significance and confidence intervals for the B0 signal are deter-181

mined using Monte Carlo simulated experiments. This yields a significance of 3.0 � for a182

B0 signal with respect to the same null hypothesis described above, and ±1 � and ±2 �183

confidence intervals, based on the Feldman–Cousins [26] procedure, of [2.5, 5.6] ⇥ 10�10

184

and [1.4, 7.4]⇥ 10�10 (see Extended Data Fig. 5).185
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Standard Model Physics
✦ Differential Z+jets and W+jets cross section measurements - probing matrix elements/parton 

shower generator prediction up to V + 6 jets 

✦ Potential sensitivity to the PDFs

38

8.2 Differential cross sections 9

sample is too small to perform the unfolding procedure. The trend of the jet multiplicity repre-
sents the expectation of the pQCD prediction for a staircase-like scaling, with an approximately
constant ratio between cross sections for successive multiplicities [53]. This result confirms the
previous observation, which was based on a more statistically limited sample [4]. Within the
uncertainties, there is agreement between theory and measurement for both the inclusive and
the exclusive distributions.
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Figure 2: Exclusive (left) and inclusive (right) jet multiplicity distributions, after the unfolding
procedure, compared with SHERPA, POWHEG, and MADGRAPH predictions. Error bars around
the experimental points represent the statistical uncertainty, while cross-hatched bands repre-
sent statistical plus systematic uncertainty. The bands around theory predictions correspond to
the statistical uncertainty of the generated sample and, for NLO calculations, to its combination
with the systematic uncertainty related to scale variations.

8.2 Differential cross sections

The differential cross sections as a function of jet pT and jet h for the first, second, third, and
fourth highest pT jet in the event are presented in Figs. 3 and 4, respectively. In addition, the
differential cross sections as a function of HT for events with at least one, two, three, or four
jets are presented in Fig. 5. The MADGRAPH prediction provides a satisfactory description
of data for most distributions, but shows an excess in the pT spectra for the first and second
leading jets at pT > 100 GeV. SHERPA tends to underestimate the high pT and HT regions in
most of the spectra, while remaining compatible with the measurement within the estimated
theoretical uncertainty. POWHEG predicts harder pT spectra than those observed in the data for
the events with two or more jets, where the additional hard radiation is described by the parton
showers and not by matrix elements. This discrepancy is also reflected in the HT distribution.
Figures 6–9 show no significant dependence of the level of agreement between data and the

14 9 Summary
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Figure 6: Exclusive jet multiplicity distribution (left) and inclusive jet multiplicity distribu-
tion (right), after the unfolding procedure, compared with SHERPA predictions based on the
PDF sets CT10, MSTW2008, and NNPDF2.1. Error bars around the experimental points repre-
sent the statistical uncertainty, while cross-hatched bands represent statistical plus systematic
uncertainty. The bands around theory predictions correspond to the statistical uncertainty of
the generated sample and to its combination with the theoretical PDF uncertainty.
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Figure 3: The cross section measurement for the exclusive and inclusive jet multiplicities,
compared to the predictions of MADGRAPH 5.1.1 + PYTHIA 6.426, SHERPA 1.4.0, and BLACK-
HAT+SHERPA (corrected for hadronisation and multiple-parton interactions). Black circular
markers with the grey hatched band represent the unfolded data measurement and its uncer-
tainty. Overlaid are the predictions together with their statistical uncertainties (Theory stat.).
The BLACKHAT+SHERPA uncertainty also contains theoretical systematic uncertainties (Theory
syst.) described in Section 8. The lower plots show the ratio of each prediction to the unfolded
data.

9 Summary
Measurements of the cross sections and differential cross sections for a W boson produced in
association with jets in pp collisions at a centre-of-mass energy of 7 TeV have been presented.
The data were collected with the CMS detector during the 2011 pp run of the LHC, and cor-
respond to an integrated luminosity of 5.0 fb�1. Cross sections have been determined using
the muon decay mode of the W boson and were presented as functions of the jet multiplicity,
the transverse momenta and pseudorapidities of the four leading jets, and the difference in az-
imuthal angle between each jet and the muon. The results, corrected for all detector effects by
means of regularised unfolding, have been compared with particle-level simulated predictions
from pQCD.

Predictions from generators, MADGRAPH+PYTHIA and SHERPA, and NLO calculations from
BLACKHAT+SHERPA, describe the jet multiplicity within the uncertainties. The cross section as
a function of the pT of the leading jet is overestimated by MADGRAPH+PYTHIA and SHERPA,
especially at high-pT. Some overestimation from MADGRAPH+PYTHIA can also be observed
in the second- and third-leading jet pT distributions. The cross sections as a function of pT
predicted by BLACKHAT+SHERPA agree with the measurements within uncertainties. Similar
levels of agreement have been observed in the distributions of HT for Njet � 1, 2, 3 and 4. The
predictions from BLACKHAT+SHERPA underestimate the measurement of the cross section as

W+jets Z+jets Z+jets

CMS Collaboration 
arXiv:1406.7533

CMS Collaboration 
arXiv:1408.3104
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Forward & Heavy-Ion Physics
✦ Another joint publication - this time with TOTEM


๏ First measurement of the dNch/dη over a fairly large rapidity range

๏ Most of the simulations fail to describe simultaneously the central and forward regimes


✦ Studies of the “ridge” with strange particles: v2 and v3 dependence on particle species

39

14 7 Results
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Figure 6: Charged-particle pseudorapidity distributions from an inclusive sample (top left), a
NSD-enhanced sample (top right), and a SD-enhanced sample (bottom). The error bars repre-
sent the statistical + uncorrelated systematics between neighbouring bins and the bands show
the combined systematic and statistical uncertainties. The measurements are compared to re-
sults from PYTHIA6, tune Z2*, PYTHIA8, tune 4C, HERWIG++, tune UE-EE-3 with CTEQ6L1
PDFs, EPOS, tune LHC, and QGSJETII-04.

13

 (GeV)
T

p0 2 4

3v

0.00

0.05

0.10
0
SK
Λ/Λ

±h

 = 5.02 TeVNNsCMS pPb 
1− = 35 nbintL

 < 350trk
offline N≤185 

(0-0.06%)

 (GeV)q/nTKE0.0 0.5 1.0 1.5 2.0

q
/n 3v

0.00

0.02

0.04

 
0
S

Polynomial fit to K

 (GeV)q/nTKE
0.0 0.5 1.0 1.5 2.0

D
at

a/
Fi

t

0.5

1.0

1.5

 (GeV)
T

p0 2 4

3v

0.00

0.05

0.10
0
SK
Λ/Λ

±h

 = 2.76 TeVNNsCMS PbPb 
1−bµ = 2.3 intL

 < 350trk
offline N≤185 

4%)±(58

 (GeV)q/nTKE0.0 0.5 1.0 1.5 2.0

q
/n 3v

0.00

0.02

0.04

 

S
0Polynomial fit to K

 (GeV)q/nTKE
0.0 0.5 1.0 1.5 2.0

D
at

a/
Fi

t

0.5

1.0

1.5

Figure 7: Left: the v3 results for K0
S (filled squares), L/L (filled circles), and inclusive charged

particles (open crosses) as a function of pT for the multiplicity range 185  Noffline
trk < 350 in pPb

collisions at psNN = 5.02 TeV (top) and in PbPb collisions at psNN = 2.76 TeV (bottom). Right:
the nq-scaled v3 values of K0

S (filled squares) and L/L (filled circles) particles as a function of
KET/nq for the same two systems. Ratios of vn/nq to a smooth fit function of vn/nq for K0

S
particles as a function of KET/nq are also shown. The error bars correspond to statistical uncer-
tainties, while the shaded areas denote the systematic uncertainties. The values in parentheses
give the mean and standard deviation of the HF fractional cross section for PbPb and the range
of the fraction of the full multiplicity distribution included for pPb.

terms of azimuthal anisotropy Fourier harmonics (vn) motivated by hydrodynamic models. In
low-multiplicity pPb and PbPb events, similar v2 values of K0

S and L/L particles are observed,
which likely originate from back-to-back jet correlations. For higher event multiplicities, a
particle species dependence of v2(pT) and v3(pT) is observed. For pT . 2 GeV, the values
of vn for K0

S particles are found to be larger than those of L/L particles, while this order is
reversed at higher pT. This behavior is consistent with RHIC and LHC results in AA collisions
and for identified charged hadrons in pPb and dAu collisions. For similar event multiplicities,
the particle species dependence of v2 and v3 at low pT is observed to be more pronounced in
pPb than in PbPb collisions. In the context of hydrodynamic models, this may indicate that
a stronger radial flow boost is developed in pPb collisions. Furthermore, constituent quark

11
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Figure 5: Top row: the v2 results for K0
S (filled squares), L/L (filled circles), and inclusive

charged particles (open crosses) as a function of pT for four multiplicity ranges obtained from
high-multiplicity triggered pPb sample at psNN = 5.02 TeV. Middle row: the v2/nq ratios for
K0

S (filled squares) and L/L (filled circles) particles as a function of KET/nq, along with a fit
to the K0

S results using a polynomial function. Bottom row: ratios of v2/nq for K0
S and L/L

particles to the fitted polynomial function as a function of KET/nq. The error bars correspond to
statistical uncertainties, while the shaded areas denote the systematic uncertainties. The values
in parentheses give the range of the fraction of the full multiplicity distribution included for
pPb.

scaling is valid to better than 10% over most of the KET/nq range, except for KET/nq < 0.2 GeV
where the deviation grows to about 20%. In AA collisions, this scaling behavior is conjectured
to be related to quark recombination [39–41], which postulates that collective flow is developed
among constituent quarks before they combine into final-state hadrons. Note that the scaling of
v2 with the number of constituent quarks was originally observed as a function of pT, instead
of KET, for the intermediate pT range of a few GeV [38], and interpreted in a simple picture
of quark coalescence [39]. However, it was later discovered that when plotted as a function of
KET in order to remove the mass difference of identified hadrons, the scaling appears to hold
over the entire kinematic range [42, 43]. However, this scaling behavior is not expected to be
exact at low pT in hydrodynamic models because of the impact of radial flow. As the vn data
tend to become independent of pT or KET for pT & 2 GeV, the scaling behavior in terms of pT
and KET cannot be differentiated in that regime. Therefore, the nq-scaled vn results in this pa-
per are presented as a function of KET/nq in order to explore the scaling behavior over a wider
kinematic range.

The particle species dependence of v2 and its scaling behavior is also studied in PbPb data over
the same multiplicity ranges as for the pPb data, as shown in Fig. 6. The mean and standard
deviation of the HF fractional cross section of the PbPb data are indicated on the plots. Qual-
itatively, a similar particle-species dependence of v2 is observed. However, the mass ordering
effect is found to be less evident in PbPb data than in pPb data for all multiplicity ranges. In

12 7 Summary

 (GeV)
T

p
0 2 4

2v

0.0

0.1

0.2

0.3

 < 260trk
offline N≤220 

2%)±(59

 (GeV)
T

p
0 2 4

2v

0.0

0.1

0.2

0.3

 < 220trk
offline N≤185 

2%)±(62

 (GeV)
T

p
0 2 4

2v

0.0

0.1

0.2

0.3

 < 185trk
offline N≤150 

3%)±(64

 (GeV)
T

p
0 2 4

2v

0.0

0.1

0.2

0.3  = 2.76 TeVNNsCMS PbPb 
1−bµ = 2.3 intL

 < 150trk
offline N≤120 

3%)±(67

0
SK
Λ/Λ

±h

 (GeV)q/nTKE0.0 0.5 1.0 1.5 2.0

q
/n 2v

0.00

0.05

0.10

 (GeV)q/nTKE0.0 0.5 1.0 1.5 2.0

q
/n 2v

0.00

0.05

0.10

 (GeV)q/nTKE0.0 0.5 1.0 1.5 2.0

q
/n 2v

0.00

0.05

0.10

 (GeV)q/nTKE0.0 0.5 1.0 1.5 2.0

q
/n 2v

0.00

0.05

0.10

 
0
S

Polynomial fits to K

 (GeV)q/nTKE
0.0 0.5 1.0 1.5 2.0

D
at

a/
Fi

t

0.6
0.8
1.0
1.2
1.4

 (GeV)q/nTKE
0.0 0.5 1.0 1.5 2.0

D
at

a/
Fi

t

0.6
0.8
1.0
1.2
1.4

 (GeV)q/nTKE
0.0 0.5 1.0 1.5 2.0

D
at

a/
Fi

t

0.6
0.8
1.0
1.2
1.4

 (GeV)q/nTKE
0.0 0.5 1.0 1.5 2.0

D
at

a/
Fi

t

0.6
0.8
1.0
1.2
1.4

Figure 6: Top row: the v2 results for K0
S (filled squares), L/L (filled circles), and inclusive

charged particles (open crosses) as a function of pT for four multiplicity ranges obtained from
minimum bias triggered PbPb sample at psNN = 2.76 TeV. Middle row: the v2/nq ratios for K0

S
(filled squares) and L/L (filled circles) particles as a function of KET/nq. Bottom row: ratios of
v2/nq for K0

S and L/L particles to a smooth fit function of v2/nq for K0
S particles as a function

of KET/nq. The error bars correspond to statistical uncertainties, while the shaded areas denote
the systematic uncertainties. The values in parentheses give the mean and standard deviation
of the HF fractional cross section for PbPb.

hydrodynamic models, this may indicate a stronger radial flow is developed in the pPb system
as its energy density is higher than that of a PbPb system due to having a smaller size system at
the same multiplicity. Moreover, the nq-scaled v2 data in PbPb at similar multiplicities suggest
a stronger violation of constituent quark number scaling, up to 25%, than is observed in pPb,
especially for higher KET/nq values. This is also observed in peripheral AuAu collisions at
RHIC, while the scaling applies more closely for central AuAu collisions [56].

The triangular flow harmonic, v3, of K0
S and L/L particles is also extracted in pPb and PbPb

collisions, as shown in Fig. 7. Due to limited statistical precision, only the result in the multi-
plicity range 185  Noffline

trk < 350 is presented. A similar species dependence of v3 to that of
v2 is observed and, within the statistical uncertainties, the v3 values scaled by the constituent
quark number for K0

S and L/L particles match at the level of 20% over the full KET/nq range.

7 Summary
Measurements of two-particle correlations with an identified K0

S or L/L trigger particle have
been presented over a broad transverse momentum and pseudorapidity range in pPb collisions
at psNN = 5.02 TeV and PbPb collisions at psNN = 2.76 TeV. With the implementation of a high-
multiplicity trigger during the LHC 2013 pPb run, the identified particle correlation data in pPb
collisions are explored over a broad particle multiplicity range, comparable to that covered by
50–100% centrality PbPb collisions. The long-range (|Dh| > 2) correlations are quantified in

CMS Collaboration, arXiv:1409.3392CMS & Totem Collaborations  
arXiv:1405.0722
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Higgs Physics
✦ Finished the highly successful H(γγ) analysis 

with the final improvements to the method and 
the latest ECAL calibration


✦ This finalizes CMS Run 1 “legacy" analyses in 
five main Higgs decay channels


✦ Paper [arXiv:1407.0558] is accepted by the 
EPJC


✦ Combination paper in preparation
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Figure 19: Diphoton mass spectrum weighted by the ratio S/(S + B) in each event class, to-
gether with the background subtracted weighted mass spectrum.

Table 5: Values of the best-fit signal strength, µ̂, when mH is treated as a nuisance parameter,
for the 7 TeV, 8 TeV, and combined datasets. The corresponding best-fit value of mH, bmH, is also
given.

µ̂ bmH (GeV)
7 TeV 2.22+0.62

�0.55 124.2
8 TeV 0.90+0.26

�0.23 124.9
Combined 1.14+0.26

�0.23 124.7

section times the relevant branching fractions, relative to the SM expectation. In Fig. 20 the
combined best-fit signal strength, µ̂, is shown as a function of the Higgs boson mass hypothesis,
both for the standard analysis (left) and for the cut-based analysis (right). The two analyses
agree well across the entire mass range. In addition to the signal around 125 GeV, both analyses
see a small upward fluctuation at 150 GeV, which is found to have a maximum local significance
of just over 2 s at mH = 151 GeV—slightly beyond the mass range of our analysis.

The best-fit signal strength for the main analysis, when the value of mH is treated as a nui-
sance parameter in the fit, is µ̂ = 1.14+0.26

�0.23, with the corresponding best-fit mass being bmH =
124.7 GeV. The expected uncertainties in the best-fit signal strength, at this mass, are +0.24 and
�0.22. The values of the best-fit signal strength, derived separately for the 7 and 8 TeV datasets,
are listed in Table 5. For the cut-based analysis the corresponding value is µ̂ = 1.29+0.29

�0.26
at bmH = 124.6 GeV, and for the sideband background model analysis the value measured is
µ̂ = 1.06+0.26

�0.23 at bmH = 124.7 GeV. These values are shown in Table 6 together with the expected
uncertainty, and the corresponding values for the main analysis.

The uncertainty in the signal strength may be separated into statistical and systematic con-
tributions, with the latter further divided into those having, or not, a theoretical origin: µ̂ =
1.14 ± 0.21 (stat) +0.09

�0.05 (syst) +0.13
�0.09 (theo), where the statistical contribution includes all uncer-

µ = 1.14+0.26-0.23 
m = 124.70 ± 0.34 GeV
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Table 8: Magnitude of the uncertainty in the best fit mass induced by the systematic uncertain-
ties in the signal model. These numbers have been obtained by quadratic subtraction of the
statistical uncertainty. The statistical uncertainty includes all uncertainties in the background
modelling.

Source of uncertainty Uncertainty in
bmH (GeV)

Imperfect simulation of electron-photon differences 0.10
Linearity of the energy scale 0.10
Energy scale calibration and resolution 0.05
Other 0.04
All systematic uncertainties in the signal model 0.15

Statistical 0.31
Total 0.35
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residual data after subtracting the fitted background component.
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rameter. The 1 s and 2 s uncertainty contours are shown. The cross indicates the best-fit values,
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Figure 24: Best-fit signal strength, µ̂, measured for each of the production processes in a com-
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Figure 24: Expected and observed likelihood scans for effective fractions fL1 (top), fa2 (mid-
dle), fa3 (bottom). The couplings studied are constrained to be real and all other anomalous
couplings are fixed to the SM predictions. The cos fai term allows a signed quantity where
cos fai = �1 or +1. The left column shows the results of the H ! WW ! `n`n analysis ex-
pressed in terms of the HWW couplings. The right column shows the combined H ! WW and
H ! ZZ result in terms of the HZZ couplings for Rai = 0.5. Measurements are shown for each
channel separately and two types of combination are presented: using custodial symmetry
aWW

1 = a1 (red) and without such a constraint (magenta).

5.3 Combined exotic-spin results with H ! ZZ and WW 41
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Dimension Six Operators
✦ New comprehensive study of alternative spin-

parity hypotheses and anomalous interactions 
in the H(γγ), H(ZZ) and H(WW) channels


✦ The above analysis directly probes tensor 
structure of the SM Lagrangian and thus can be 
considered as the first step towards Fabio’s 
dimension-six exploration program

41 CMS Collaboration 
arXiv:1411.3441
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Figure 20: Observed likelihood scans using the template method for pairs of effective fractions
fL1 vs. fa2, fL1 vs. fa3, and fa2 vs. fa3 (from top to bottom). The left column shows the results
where the studied couplings are constrained to be real and all other couplings are fixed to
the SM predictions. The right column shows the results when the phases of the anomalous
couplings are left unconstrained.
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Figure 24: Expected and observed likelihood scans for effective fractions fL1 (top), fa2 (mid-
dle), fa3 (bottom). The couplings studied are constrained to be real and all other anomalous
couplings are fixed to the SM predictions. The cos fai term allows a signed quantity where
cos fai = �1 or +1. The left column shows the results of the H ! WW ! `n`n analysis ex-
pressed in terms of the HWW couplings. The right column shows the combined H ! WW and
H ! ZZ result in terms of the HZZ couplings for Rai = 0.5. Measurements are shown for each
channel separately and two types of combination are presented: using custodial symmetry
aWW

1 = a1 (red) and without such a constraint (magenta).
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Dimension Six Operators
✦ New comprehensive study of alternative spin-

parity hypotheses and anomalous interactions 
in the H(γγ), H(ZZ) and H(WW) channels


✦ The above analysis directly probes tensor 
structure of the SM Lagrangian and thus can be 
considered as the first step towards Fabio’s 
dimension-six exploration program
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Figure 20: Observed likelihood scans using the template method for pairs of effective fractions
fL1 vs. fa2, fL1 vs. fa3, and fa2 vs. fa3 (from top to bottom). The left column shows the results
where the studied couplings are constrained to be real and all other couplings are fixed to
the SM predictions. The right column shows the results when the phases of the anomalous
couplings are left unconstrained.
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✦ Width from the interference of the on-peak and off-peak H(ZZ) production:  
ZZ → 4l (most sensitive at the peak) and ZZ →2l2ν (most sensitive at high mass)


✦ Set a stringent (O(100)!) limit ΓH < 22 (33 exp.) MeV = 5.4 (8.0 exp.) ΓSM

✦ Also, first direct measurement of off-shell Higgs couplings
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Figure 1: Lowest order contributions to the main ZZ production processes: (left) quark-initiated
production, qq ! ZZ, (center) gg continuum background production, gg ! ZZ, and (right)
Higgs-mediated gg production, gg ! H ! ZZ, the signal.

muon pair and the other to either an electron or a muon pair, H ! ZZ ! 4` (4` channel), or a
pair of neutrinos, H ! ZZ ! 2`2n (2`2n channel). Relying on the observed Higgs boson signal
in the resonance peak region [7], the simultaneous measurement of the signal in the high-mass
region leads to constraints on the Higgs boson width GH in the 4` decay channel. The 2`2n de-
cay channel, which benefits from a higher branching fraction [16, 17], is used in the high-mass
region to further increase the sensitivity to the Higgs boson width. The analysis is performed
for the tree-level HVV coupling of a scalar Higgs boson, consistent with our observations [4, 7],
and implications for the anomalous HVV interactions are discussed.

The measurement is based on pp collision data collected with the CMS detector at the LHC
in 2011, corresponding to an integrated luminosity of 5.1 fb�1 at the center-of-mass energy ofp

s = 7 TeV (4` channel), and in 2012, corresponding to an integrated luminosity of 19.7 fb�1

at
p

s = 8 TeV (4` and 2`2n channels). The CMS detector, described in detail elsewhere [18],
provides excellent resolution for the measurement of electron and muon transverse momenta
(pT) over a wide range. The signal candidates are selected using well-identified and isolated
prompt leptons. The online selection and event reconstruction are described elsewhere [2, 3, 7,
16]. The analysis presented here is based on the same event selection as used in Refs. [7, 16].

The analysis in the 4` channel uses the four-lepton invariant mass distribution as well as a
matrix element likelihood discriminant to separate the ZZ components originating from gluon-
and quark-initiated processes. We define the on-shell signal region as 105.6 < m4` < 140.6 GeV
and the off-shell signal region as m4` > 220 GeV. The analysis in the 2`2n channel relies on the
transverse mass distribution mT,

m2
T =

"q
pT,2`

2 + m2`
2 +

q
Emiss

T
2
+ m2`

2

#2

�
"
~pT,2` + ~Emiss

T

#2

, (3)

where pT,2` and m2` are the measured transverse momentum and invariant mass of the dilepton
system, respectively. The missing transverse energy, Emiss

T , is defined as the magnitude of the
transverse momentum imbalance evaluated as the negative of the vectorial sum of transverse
momenta of all the reconstructed particles in the event. In the 2`2n channel, the off-shell signal
region is defined as mT > 180 GeV.

Simulated Monte Carlo (MC) samples of gg ! 4` and gg ! 2`2n events are generated at lead-
ing order (LO) in perturbative quantum chromodynamics (QCD), including the Higgs boson
signal, the continuum background, and the interference contributions using recent versions of
two different MC generators, GG2VV 3.1.5 [11, 19] and MCFM 6.7 [20], in order to cross-check
theoretical inputs. The QCD renormalization and factorization scales are set to mZZ/2 (dynamic
scales) and MSTW2008 LO parton distribution functions (PDFs) [21] are used. Higher-order
QCD corrections for the gluon fusion signal process are known to an accuracy of next-to-next-
to-leading order (NNLO) and next-to-next-to-leading logarithms for the total cross section [8, 9]

Interference

5

As an illustration, Fig. 3(left) presents the 4` invariant mass distribution for the off-shell signal
region (m4` > 220 GeV) and for Dgg > 0.65. The expected contributions from the qq ! 4`
and reducible backgrounds, as well as for the total gluon fusion (gg) and vector boson fu-
sion (VV) contributions, including the Higgs boson signal, are shown. The distribution of the
likelihood discriminant Dgg for m4` > 330 GeV is shown in Fig. 3(right), together with the ex-
pected contributions from the SM. The expected m4` and Dgg distributions for the sum of all
the processes, with a Higgs boson width GH = 10 ⇥ GSM

H and a relative cross section with re-
spect to the SM cross section equal to unity in both gluon fusion and VBF production modes
(µ = µggH = µVBF = 1), are also shown. The expected and observed event yields in the off-shell
gg-enriched region defined by m4` � 330 GeV and Dgg > 0.65 are reported in Table 1.
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Figure 3: Distributions of (left) the four-lepton invariant mass after a selection requirement on
the MELA likelihood discriminant Dgg > 0.65, and (right) the Dgg likelihood discriminant for
m4` > 330 GeV in the 4` channel. Points represent the data, filled histograms the expected
contributions from the reducible (Z+X) and qq backgrounds, and from the gluon fusion (gg)
and vector boson fusion (VV) SM processes (including the Higgs boson mediated contribu-
tions). The dashed line corresponds to the total expected yield for a Higgs boson width of
GH = 10 ⇥ GSM

H . The parameters are set to µ = µggH = µVBF = 1. In the left plot the bin size
varies from 20 to 85 GeV and the last bin includes all entries with masses above 800 GeV.

The 2`2n analysis is performed on the 8 TeV data set only. The final state in the 2`2n channel
is characterized by two oppositely-charged leptons of the same flavour compatible with a Z
boson, together with a large Emiss

T from the undetectable neutrinos. We require Emiss
T > 80 GeV.

The event selection and background estimation is performed as described in Ref. [16], with the
exception that the jet categories defined in Ref. [16] are here grouped into a single category, i.e.
the analysis is performed in an inclusive way. The mT distribution in the off-shell signal region
(mT > 180 GeV) is shown in Fig. 4. The expected and observed event yields in a gg-enriched
region defined by mT > 350 GeV and Emiss

T > 100 GeV are reported in Table 1.

Systematic uncertainties comprise experimental uncertainties on the signal efficiency and back-
ground yield evaluation, as well as uncertainties on the signal and background from theoreti-
cal predictions. Since the measurement is performed in wide mZZ regions, there are sources of
systematic uncertainties that only affect the total normalization and others that affect both the
normalization and the shape of the observables used in this analysis. In the 4` final state, all the
systematic uncertainties on the signal and background normalization are partially correlated
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H . The parameters are set to µ = µggH = µVBF = 1. The bin size varies from 80 to
210 GeV and the last bin includes all entries with transverse masses above 1 TeV.

state. This uncertainty also affects the interference with the signal. The PDF uncertainties are
estimated following Refs. [39, 40] by changing the NLO PDF set from MSTW2008 to CT10 [41]
and NNPDF2.1 [42], and the residual contribution is about 1%. For the VBF processes, no sig-
nificant mZZ-dependence is found regarding the QCD scales and PDF uncertainties, which are
in general much smaller than for the gluon fusion processes [8, 9]. In the 2`2n final state, addi-
tional uncertainties on the yield arising from the theoretical description of the parton shower
and underlying event are taken into account (6%).

We perform a simultaneous unbinned maximum likelihood fit of a signal-plus-background
model to the measured distributions in the 4` and 2`2n channels. In the 4` channel the analysis
is performed in the on-shell and off-shell signal regions defined above. In the on-shell region, a
three-dimensional distribution ~x = (m4`,Dkin

bkg, p4`
T or Djet) is analyzed, following the method-

ology described in Ref. [7], where the quantity Djet is a discriminant used to separate VBF from
gluon fusion production. In the off-shell region, a two-dimensional distribution ~x = (m4`,Dgg)
is analyzed. In the 2`2n channel, only the off-shell Higgs boson production is analyzed, using
the ~x = mT distribution.

The probability distribution functions are built using the full detector simulation or data con-
trol regions, and are defined for the signal, the background, or the interference between the
two contributions, Psig, Pbkg, or Pint, respectively, as a function of the observables ~x discussed
above. Several production mechanisms are considered for the signal and the background, such
as gluon fusion (gg), VBF, and quark-antiquark annihilation (qq). The total probability distri-
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on-shell regions (dark red lines), and for the 2`2n channel in the off-shell region and 4` channel
in the on-shell region (light red lines). The solid lines represent the observed values, the dotted
lines the expected values.

In summary, we have presented constraints on the total Higgs boson width using its relative
on-shell and off-shell production and decay rates to four leptons or two leptons and two neu-
trinos. The analysis is based on the 2011 and 2012 data sets corresponding to integrated lumi-
nosities of 5.1 fb�1 at

p
s = 7 TeV and 19.7 fb�1 at

p
s = 8 TeV. The four-lepton analysis uses

the measured invariant mass distribution near the peak and above the Z-boson pair produc-
tion threshold, as well as a likelihood discriminant to separate the gluon fusion ZZ production
from the qq ! ZZ background, while the two-lepton plus two-neutrino off-shell analysis relies
on the transverse mass distribution. The presented analysis determines the independent con-
tributions of the gluon fusion and VBF production mechanisms from the data in the on-shell
region. It relies nevertheless on the knowledge of the coupling ratios between the off-shell and
on-shell production, i.e. the dominance of the top quark loop in the gluon fusion production
mechanism and the absence of new particle contribution in the loop. The presence of anoma-
lous couplings in the HVV interaction would lead to enhanced off-shell production and would
make our constraint tighter. The combined fit of the 4` and 2`2n channels leads to an upper
limit on the Higgs boson width of GH < 22 MeV at a 95% confidence level, which is 5.4 times
the expected width of the SM Higgs boson. This result considerably improves upon previous
experimental constraints on the new boson decay width from the direct measurement at the
resonance peak.

We wish to thank our theoretician colleagues and in particular Fabrizio Caola for providing
the theoretical uncertainty in the gg ! ZZ background K factor, Tobias Kasprzik for provid-
ing the numerical calculations on the EW corrections for the qq ! ZZ background process,

ZZ → 4l ZZ →2l2ν

{
CMS Collaboration 

Phys. Lett. B736 (2014) 64

[Caola and Melnikov, arXiv:1307.4935] 
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Top Physics
✦ CMS continues to lead with very precise measurements of the top-quark mass via 

different methods and in different channels

๏ Top quark mass, along with the Higgs boson mass may have important implications for the 

EW vacuum stability

✦ Since the world combination, CMS has produced three new results: in l+jets, dilepton, 

and all hadronic decay channels
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Figure 1: (upper left) Reconstructed top-quark mass from the kinematic fit, (upper right) av-
erage reconstructed W-boson mass, (lower left) goodness-of-fit probability, and (lower right)
the separation of the two b-tagged jets after all selection steps. The simulated tt signal and
the background from event mixing are normalized to data. The top-quark mass used in the
simulation is 172.5 GeV and the nominal jet energy scale is applied.
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Figure 3: The 2D likelihood (�2D log (L)). The ellipses correspond to contours of
�2D log (L) = 1, 4, and 9 allowing the construction of the one, two, and three s intervals of
mt.

5 Results on the top-quark mass

Applying the ideogram method on data, we measure from 4 356 all-jets events:

mt = 172.08 ± 0.36 (stat.+JSF) ± 0.83 (syst.) GeV,
JSF = 1.007 ± 0.003 (stat.) ± 0.011 (syst.).

Figure 3 shows the 2D likelihood obtained from data. As the top-quark mass and the JSF are
measured simultaneously, the statistical uncertainty on mt combines the statistical uncertainty
arising from both components of the measurement.

The overall uncertainty of the presented measurement is 0.90 GeV on the top-quark mass from
adding the components in quadrature. This signifies an improvement in the precision of 35%
compared to the measurement at

p
s = 7 TeV [4].

The measured JSF is compatible with the one obtained from events with jets and Z bosons
or photons [18]. We estimate the impact of the simultaneous fit of a jet energy scale factor
by fixing the JSF to unity. This yields mt = 172.59 ± 0.27 (stat.) ± 1.05 (syst.) GeV. The larger
systematic uncertainty stems from a JES uncertainty of 0.86 GeV and demonstrates the gain
from the simultaneous fit of mt and a JSF.

The two additional free parameters in the fit, the signal fraction fsig and the fraction of correct
permutations fcp, are also in agreement with the expectation from simulation. When both
parameters are fixed in the fit, the overall uncertainty increases to 1.05 GeV. Thus, leaving
these parameters free in the fit improves the precision of the measurement by 14%.
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Figure 2: Distribution of the peak mass observed in data and in the simulation generated as-
suming a top mass of 172.5 GeV. The vertical bars show the statistical uncertainty and the
hatched bands show the statistical and systematic uncertainties added in quadrature.

The histogram of the background probability distribution function is composed of contribu-
tions from Drell-Yan, single top, W+jets, and diboson production. The relative normalization
of the individual components is determined by the expected number of events from each source
as given in Table 4. For the Drell-Yan contribution the normalization is estimated from data. For
all other contributions it is determined from the cross section of the process and the integrated
luminosity.

We perform a simultaneous binned fit of two categories of events: events with one b-tag and
events with � 2 b-tags. To exclude the effects of the low-statistics high- and low-mass tails of
the mpeak distribution, we perform the fit only in the interval 100 < mpeak < 400 GeV. We fit
a quadratic function to the negative logarithms of the likelihoods obtained from the fits in the
range spanned by the MC sample masses, and the measured top quark mass is the vertex of
this parabola.

To perform a calibration of our algorithm, we generate 1000 pseudo-experiments at sample
top masses equal to those of the MC mass points used in the fit, and examine how close the
measured masses are to the input masses. We only generate such pseudo-experiments for the
central five of the seven MC mass points because we need to be able to evaluate the likelihood
for masses on either side of the MC mass value which cannot be done for the two extreme MC
mass points. In each pseudo-experiment, signal and background events are generated from a
Poisson distribution with mean given by the number of expected events in each channel. The
measurement is performed as described above, and we extract a measured mass. A Gaussian
is fitted to the distribution of the measured masses. The mean of this Gaussian is called the
mean measured mass. Based on the width of the distribution of measured masses from the

11

Table 5: List of systematic uncertainties for the combined fit to the entire dilepton data set.

Source of uncertainty dmt(GeV)
Experimental uncertainties
Fit calibration 0.03
pT- and h-dependent JES 0.61
Lepton energy scale 0.12
Unclustered 6ET 0.07
Jet energy resolution 0.09
b tagging 0.04
Pile-up 0.15
Non-tt̄ background 0.02
Modeling of hadronization
Flavor-dependent jet energy scale 0.28
b fragmentation 0.67
Semi-leptonic b hadron decays 0.18
Modeling of the hard scattering process
PDF 0.18
Renormalization and factorization scales 0.87
ME-PS matching threshold 0.13
ME generator 0.37
Modeling of non-perturbative QCD
Underlying event 0.04
Color reconnection modeling 0.16
Total 1.40
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Figure 4: Plot of -log(likelihood) for data. The continuous line is the parabolic fit to the points.
The arrow indicates the uncalibrated measured mass of 172.418 GeV.
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Figure 1: Reconstructed masses of (a) the W bosons decaying to qq pairs and (b) the corre-
sponding top quarks, prior to the kinematic fitting to the tt hypothesis. (c) and (d) show, respec-
tively, the reconstructed W-boson masses and the fitted top-quark masses after the goodness-
of-fit selection and the weighting by Pgof. The number of permutations in simulation is nor-
malized to the number observed in data.
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Figure 6: (a) The 2D likelihood (�2D log (L)) measured for the `+jets final state. The ellipses
correspond to statistical uncertainties on mt and JSF of one, two, and three standard deviations.
(b) The statistical uncertainty distribution obtained from pseudo-experiments is compared to
the uncertainty of the measurement in data.

ously determined jet energy scale factors are 1.010 ± 0.002 (stat.) and 1.005 ± 0.002 (stat.). The
combined fit to the 28 750 `+jets events in the two channels yields:

mt = 172.04 ± 0.19 (stat.+JSF) ± 0.75 (syst.) GeV,
JSF = 1.007 ± 0.002 (stat.) ± 0.012 (syst.).

Figure 6 (a) shows the 2D likelihood obtained from data. As depicted in Fig. 6 (b), the uncer-
tainty of the measurement agrees with the expected precision from the pseudo-experiments.
As the top-quark mass and the JSF are measured simultaneously, the statistical uncertainty on
mt combines the statistical uncertainty arising from both components of the measurement.

The overall uncertainty of the presented measurement is 0.77 GeV on the top-quark mass from
adding the components in quadrature. The measured JSF is compatible with the one obtained
from events with jets and Z bosons or photons [29].

We estimate the impact of the simultaneous fit of a jet energy scale factor by fixing the JSF to
unity. This yields mt = 172.66± 0.11 (stat.)± 1.29 (syst.) GeV. The larger systematic uncertainty
stems from a JES uncertainty of 1.17 GeV and demonstrates the gain from the simultaneous fit
of mt and a JSF.

We use the Best Linear Unbiased Estimate technique [47] to combine the result presented in
this note with the CMS measurement in the dilepton and lepton+jets channel based on 2010
data [48, 49], and the measurements in the dilepton, lepton+jets, and all-jets channels based on
2011 data [3, 50, 51]. Most of the systematic uncertainties listed in Table 1 are assumed to be
fully correlated among the five input measurements. Exceptions are the experimental uncer-
tainties, for which we assign full correlation between the analyses that use data from the same
year but no correlation otherwise, as a large part of the uncertainty on the underlying detec-
tor calibration constants is of a purely statistical nature, while the running conditions and the
treatment of pileup differ. In addition, the statistical uncertainty in the in situ fit for the JSF and
the uncertainties in the mass calibration, the background normalization from control samples

CMS Collaboration 
PAS TOP-14-001

CMS Collaboration 
PAS TOP-14-010

CMS Collaboration 
PAS TOP-14-002

mt = 172.04 ± 0.19 ± 0.75 GeV
mt = 172.47 ± 0.17 ± 1.40 GeV

mt = 172.08 ± 0.36 ± 0.83 GeV
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Figure 4: Variation of the combined mt result (a.) and its total uncertainty, smt (b.) as a function
of variations in the correlation assumptions.
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Figure 5: Regions of absolute stability, meta-stability and instability of the SM vacuum in the Mt–
Mh plane. Right: Zoom in the region of the preferred experimental range of Mh and Mt (the
gray areas denote the allowed region at 1, 2, and 3�). The three boundaries lines correspond to
↵s(MZ) = 0.1184± 0.0007, and the grading of the colors indicates the size of the theoretical error.
The dotted contour-lines show the instability scale ⇤ in GeV assuming ↵s(MZ) = 0.1184.

3.3 Phase diagram of the SM

The final result for the condition of absolute stability is presented in eq. (2). The central

value of the stability bound at NNLO on Mh is shifted with respect to NLO computations

(where the matching scale is fixed at µ = Mt) by about +0.5GeV, whose main contributions

can be decomposed as follows:

+ 0.6GeV due to the QCD threshold corrections to � (in agreement with [14]);

+ 0.2GeV due to the Yukawa threshold corrections to �;

� 0.2GeV from RG equation at 3 loops (from [12,13]);

� 0.1GeV from the e↵ective potential at 2 loops.

As a result of these corrections, the instability scale is lowered by a factor ⇠ 2, for Mh ⇠ 125

GeV, after including NNLO e↵ects. The value of the instability scale is shown in fig. 4.

The phase diagram of the SM Higgs potential is shown in fig. 5 in the Mt–Mh plane,

taking into account the values for Mh favored by ATLAS and CMS data [1, 2]. The left

plot illustrates the remarkable coincidence for which the SM appears to live right at the

border between the stability and instability regions. As can be inferred from the right plot,

which zooms into the relevant region, there is significant preference for meta-stability of the

SM potential. By taking into account all uncertainties, we find that the stability region is

disfavored by present data by 2�. For Mh < 126 GeV, stability up to the Planck mass is

excluded at 98% C.L. (one sided).
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Searches - I
✦ Most of the searches are getting completed

✦ Will highlight just three, where slight excesses have been seen, and one more with 

novel technique
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Figure 10: The expected and observed exclusion limits at 95% CL on the first generation lep-
toquark hypothesis in the b versus mass plane using the central value of signal cross section
for the individual eejj and enjj channels and their combination. The green and yellow expected
limit uncertainty bands represent the 68% and 95% confidence intervals. Solid lines represent
the observed limits in each channel, and dashed lines represent the expected limits.

10 7 Comparison with data
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Figure 4: The ST (left) and mmin
ej (right) distributions for events passing the full eejj selection

optimized for MLQ = 450 GeV. The grey bands represent the statistical and systematic uncer-
tainty on the background prediction.
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Figure 5: The ST (left) and mmin
ej (right) distributions for events passing the full eejj selection

optimized for MLQ = 650 GeV. The grey bands represent the statistical and systematic uncer-
tainty on the background prediction.

12 8 Systematic uncertainties

In the final selection plots in Figures 7 and 8 and in Table 5, a broad excess is clearly visible
for all final selections optimized for a leptoquark of mass greater than 300 GeV. As in the case
of the eejj channel, this excess is most significant in the selection optimized for a leptoquark
of mass 650 GeV, where 7.54 ± 1.20 (stat) ± 1.07 (syst) events are expected and 18 events are
observed. The significance of the observed data with respect to the background estimate at this
selection is 2.6. Unlike predicted leptoquark signal, the excess does not peak sharply in the
mej distribution.
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Figure 7: The ST (left) and mej (right) distributions for events passing the full enjj selection opti-
mized for MLQ = 450 GeV. The grey bands represent the statistical and systematic uncertainty
on the background prediction.
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Figure 8: The ST (left) and mej (right) distributions for events passing the full enjj selection opti-
mized for MLQ = 650 GeV. The grey bands represent the statistical and systematic uncertainty
on the background prediction.

8 Systematic uncertainties

The systematic uncertainties applied to this analysis are as follows:

• A 2.6% uncertainty on the integrated luminosity [26];
• A jet energy scale uncertainty depending on jet pT and h [27];
• A jet energy resolution uncertainty depending on jet h [27];
• An electron energy scale uncertainty of 0.4% (4.1%) for electrons in the ECAL barrel

(endcap) [20];
• An electron energy resolution uncertainty of 0.6% (1.5%) for electrons in the ECAL

barrel (endcap) [28];

✦ Search for 1st generation LQ in the eejj + eνjj 
channels


✦ Excess seen in both channels for the  
M(LQ) = 650 GeV selection


✦ Many cross-checks done: does not appear to 
be coupled between two channels or signal-like

B = 20.5 ± 2.1 ± 2.5 
N = 36 (2.4σ)

B = 7.5 ± 1.2 ± 1.1 
N = 18 (2.6σ)
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Searches - II
✦ SUSY opposite-sign dilepton “edge” search


๏ Saw a slight excess at low mass  
in 2011 data at 7 TeV


๏ After analyzing full 8 TeV dataset  
still see a small excess of 2.4σ  
compatible with an edge at ~80 GeV


๏ Performed a huge number of 
cross-checks (took over a year!)


๏ No corroborative evidence in  
any of the coupled channels


๏ Attribute to a statistical fluctuation 
and wait for Run 2 data
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12 7 Summary
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Figure 4: Data compared with SM simulation for the SF (left) and OF (right) event samples in
the central rapidity region. Example signal scenarios based on the pair production of bottom
squarks are shown (see text).
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6 Results
The dilepton mass distributions and the results of the fit in the central and forward signal
regions are shown in Fig. 2. Table 2 presents a summary of the results of the fit. A signal yield
of 126± 41 (22± 20) is obtained when evaluating the signal hypothesis in the central (forward)
region, with an edge located at 78.7 ± 1.4 GeV. The ”local” p-value is 0.009 and is evaluated
using �2 ln Q, where Q denotes the ratio of the fitted likelihood value for the signal-plus-
background hypothesis to the background-only hypothesis for the case where the edge position
is fixed to the observed value. This p-value is interpreted as the one-sided tail probability of a
Gaussian distribution, corresponding to a significance of 2.4 standard deviations (s). This result
does not account for the so-called look elsewhere effect, which would lower the significance of
the signal.

Alternative flavor-symmetric background shapes have been tested, consisting of the sum of
three Gaussian distributions as an additional analytical shape as well as binned and smoothed
histograms taken from the opposite-flavor events. Consistent results are observed in all cases.

Table 2: Results of the unbinned maximum likelihood fit for event yields in the signal regions.
The quoted uncertainties are calculated using MINOS [27] and take into account statistical and
systematic effects.

Central Forward
Drell–Yan 158 ± 23 71 ± 15
Flav. Sym. [OF] 2270 ± 44 745 ± 25
RSF/OF 1.03 1.02
Signal events 126 ± 41 22 ± 20
medge

`` [GeV] 78.7 ± 1.4
Local Significance [s] 2.4

Besides the maximum-likelihood fit described above, we perform a counting experiment in the
mass window 20 < m`` < 70 GeV, with no assumption about a particular signal shape. Fig-
ure 3 shows the invariant mass distributions for the signal candidate sample and the estimated
background with 5 GeV binning. For the background prediction, the OF yield in the signal mass
window is multiplied by RSF/OF and the prediction for backgrounds containing a Z boson in
the peak mass window is multiplied by Rout/in.

The results are summarized in Table 3. The significance of the difference between the observed
number of events and the estimated number of SM background events is evaluated using a
profile likelihood asymptotic approximation [28]. The local significance of the excess in the
central region evaluated with this procedure is 2.6 standard deviations.

Figure 4 compares data and SM simulation for the central signal region. The benchmark signal
process of bottom-squark pair (b̃b̃⇤) production described in Section 3 is included in the com-
parison. Shown are three benchmark points with combinations of mb̃ and mc̃0

1
of 225 GeV and

150 GeV, 350 GeV and 275 GeV, and 400 GeV and 150 GeV.

7 Summary
We have presented a search for physics beyond the standard model in the opposite-sign same-
flavor dilepton final state using a data sample of proton-proton collisions collected at a center-
of-mass energy of 8 TeV, corresponding to an integrated luminosity of 19.4 fb�1, recorded with
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Figure 3: Comparison between the observed and estimated SM background dilepton mass
distributions in the (left) central and (right) forward regions, where the SM backgrounds are
evaluated from control samples (see text) rather than from the fit. The vertical lines indicate
the boundaries of the signal and the on-Z regions.

Table 3: Results of the counting experiment for event yields in the signal regions. Statistical and
systematic uncertainties are added in quadrature, except for the flavor symmetric backgrounds.

Central Forward

Observed [SF] 860 163

Flav. Sym. [OF] 722 ± 27 ± 29 155 ± 13 ± 10
Drell–Yan 8.2 ± 2.6 1.7 ± 1.4

Total estimates 730 ± 40 157 ± 16

Observed – Estimated 130+48
�49 6+20

�21

Significance [s] 2.6 0.3

CMS Collaboration 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Searches - II
✦ SUSY opposite-sign dilepton “edge” search


๏ Saw a slight excess at low mass  
in 2011 data at 7 TeV


๏ After analyzing full 8 TeV dataset  
still see a small excess of 2.4σ  
compatible with an edge at ~80 GeV


๏ Performed a huge number of 
cross-checks (took over a year!)


๏ No corroborative evidence in  
any of the coupled channels


๏ Attribute to a statistical fluctuation 
and wait for Run 2 data
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Figure 4: Data compared with SM simulation for the SF (left) and OF (right) event samples in
the central rapidity region. Example signal scenarios based on the pair production of bottom
squarks are shown (see text).

9

6 Results
The dilepton mass distributions and the results of the fit in the central and forward signal
regions are shown in Fig. 2. Table 2 presents a summary of the results of the fit. A signal yield
of 126± 41 (22± 20) is obtained when evaluating the signal hypothesis in the central (forward)
region, with an edge located at 78.7 ± 1.4 GeV. The ”local” p-value is 0.009 and is evaluated
using �2 ln Q, where Q denotes the ratio of the fitted likelihood value for the signal-plus-
background hypothesis to the background-only hypothesis for the case where the edge position
is fixed to the observed value. This p-value is interpreted as the one-sided tail probability of a
Gaussian distribution, corresponding to a significance of 2.4 standard deviations (s). This result
does not account for the so-called look elsewhere effect, which would lower the significance of
the signal.

Alternative flavor-symmetric background shapes have been tested, consisting of the sum of
three Gaussian distributions as an additional analytical shape as well as binned and smoothed
histograms taken from the opposite-flavor events. Consistent results are observed in all cases.

Table 2: Results of the unbinned maximum likelihood fit for event yields in the signal regions.
The quoted uncertainties are calculated using MINOS [27] and take into account statistical and
systematic effects.

Central Forward
Drell–Yan 158 ± 23 71 ± 15
Flav. Sym. [OF] 2270 ± 44 745 ± 25
RSF/OF 1.03 1.02
Signal events 126 ± 41 22 ± 20
medge

`` [GeV] 78.7 ± 1.4
Local Significance [s] 2.4

Besides the maximum-likelihood fit described above, we perform a counting experiment in the
mass window 20 < m`` < 70 GeV, with no assumption about a particular signal shape. Fig-
ure 3 shows the invariant mass distributions for the signal candidate sample and the estimated
background with 5 GeV binning. For the background prediction, the OF yield in the signal mass
window is multiplied by RSF/OF and the prediction for backgrounds containing a Z boson in
the peak mass window is multiplied by Rout/in.

The results are summarized in Table 3. The significance of the difference between the observed
number of events and the estimated number of SM background events is evaluated using a
profile likelihood asymptotic approximation [28]. The local significance of the excess in the
central region evaluated with this procedure is 2.6 standard deviations.

Figure 4 compares data and SM simulation for the central signal region. The benchmark signal
process of bottom-squark pair (b̃b̃⇤) production described in Section 3 is included in the com-
parison. Shown are three benchmark points with combinations of mb̃ and mc̃0

1
of 225 GeV and

150 GeV, 350 GeV and 275 GeV, and 400 GeV and 150 GeV.

7 Summary
We have presented a search for physics beyond the standard model in the opposite-sign same-
flavor dilepton final state using a data sample of proton-proton collisions collected at a center-
of-mass energy of 8 TeV, corresponding to an integrated luminosity of 19.4 fb�1, recorded with

CMS Collaboration 
PAS SUS-12-014
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Searches - III
✦ First search for LFV Higgs boson decays in the µτ channel


๏ Constraints from low-energy experiments are rather weak: ~10% on the 
branching fraction


๏ Largely based on the SM H(ττ) search with two channels explored: µτe and µτh


๏ Slight excess (2.4σ) is seen in the combination, split between the channels; best-
fit branching fraction is 0.84

+0.39
-0.37; limit <1.51% @ 95% CL (0.75 expected)


๏ Constraints on the off-diagonal Yukawa couplings set

47

CMS Collaboration 
PAS HIG-14-005

14 10 Conclusions

|   
τµ

|Y
-410 -310 -210 -110 1

|  
 

µτ
|Y

-410

-310

-210

-110

1  = 8 TeVs, -119.7 fbCMS preliminary

B
R

<0.1%

B
R

<1%

B
R

<10%

B
R

<50%

ττ→LHC h

observed

expected
τµ→h

µ 3→τ

γ µ →τ

2/vτ
mµ

|=m
µτ

Yτµ
|Y

Figure 6: Constraints on the flavor violating Yukawa couplings, |Yµt|, |Ytµ|. The expected (red
solid line) and observed (black solid line) limits are derived from the limit on B(H ! µt) from
the present analysis. The diagonal Yukawa couplings are approximated by their SM values.
The black dashed lines are contours of B(H ! µt) for reference. The shaded regions are
derived constraints from null searches for t ! 3µ (dark green) and t ! µg (lighter green).
The orange diagonal line is the theoretical naturalness limit YijYji  mimj/v2. The yellow line
is the limit from a reinterpretation, by a theoretical group [8], of an ATLAS H ! tt search.

13

), %τµ→95% CL Limit on Br(h
0 2 4 6 8 10

1.57% (obs.)
0.75% (exp.)  

τµ→h
3.84% (obs.)
3.77% (exp.)  

, 2 Jetseτµ

2.38% (obs.)
1.66% (exp.)  

, 1 Jeteτµ

2.04% (obs.)
1.32% (exp.)  

, 0 Jetseτµ

3.29% (obs.)
1.95% (exp.)  

, 2 Jets
had
τµ

2.11% (obs.)
2.10% (exp.)  

, 1 Jet
had
τµ

2.94% (obs.)
2.35% (exp.)  

, 0 Jets
had
τµ

Observed

Expected

σ 1±Expected 

σ 2±Expected 

 = 8 TeVs, -119.7 fbCMS preliminary

), %τµ→Best Fit to Br(h
-1.5 -1 -0.5 0 0.5 1 1.5 2 2.5

 %-0.37
+0.400.89  
τµ→h

 %-0.97
+1.580.05  

, 2 Jetseτµ

 %-0.78
+0.850.81  

, 1 Jeteτµ

 %-0.62
+0.660.87  

, 0 Jetseτµ

 %-0.88
+1.091.24  

, 2 Jets
had
τµ

 %-1.12
+1.070.03  

, 1 Jet
had
τµ

 %-1.15
+1.180.72  

, 0 Jets
had
τµ

 = 8 TeVs, -119.7 fbCMS preliminary

Figure 5: Left) Upper limits by category for the LFV H ! µt decays. Right) Best fit branching
fractions by category.

9 Extracting limits on lepton flavor violating couplings
The constraint on B(H ! µt) can be interpreted in terms of LFV Higgs Yukawa couplings.
The LFV decays H ! eµ, et, µt arise at tree level from the assumed flavor violating Yukawa
interactions where the relevant terms are explicitly

LV ⌘ �Yeµ ēLµRh � Yµeµ̄LeRh � Yet ēLtRh � Ytet̄LeRh � Yµtµ̄LtRh � Ytµt̄LµRh

The branching fraction in terms of the Yukawa couplings are given by

B(H ! lalb) =
G(H ! lalb)

G(H ! lalb) + GSM
(1)

where la, lb = e, µ, t and la 6= lb. The decay width, in turn, is

G(H ! lalb) =
mh

8p
(|Ylb la |2 + |Yla lb |2) (2)

and SM Higgs width is GSM = 4.1 MeV for a 125 GeV Higgs boson. It was assumed that at
most one of non-standard decay mode of the Higgs is significant compared to the SM decay
width.

The constraints on the Yukawa couplings derived from the limit B(H ! µt) < 1.57% are shown
in Figure 6. This is compared to the constraints from previous indirect measurements. It can be
seen that the direct search improves the constraint by roughly an order of magnitude.

10 Conclusions
The first direct search for lepton flavor violating decays of a Higgs boson to a muon-tau pair,
based on the full 8 TeV dataset collected by CMS in 2012 is presented. The sensitivity of the
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Figure 5: The 95% CL upper limits on the product of the cross section to produce a pair of
squarks, where each squark decays to a long-lived neutralino, and the branching fraction
squared B2 for neutralino to decay into a pair of up or down quarks and a muon. The lim-
its are presented as a function of the neutralino mean proper decay length separately for each
squark/neutralino mass point. For each mass point the theoretical cross section for eqeq⇤ + eqeq,
and its systematic uncertainty, are shown. Solid bands show the ±1s range of variation of the
expected 95% CL limits.
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Figure 2: The expected and observed background level as a function of the vertex discriminant
selection in the background-dominated data control region, obtained by inverting the selection
requirement on missing track hits. The left (right) plot is obtained after applying all other selec-
tion criteria as normal, optimized for the region hLxyi < (>)20 cm. The predicted background
error bands represent both statistical and systematic uncertainties added in quadrature.

Table 3: Systematic uncertainties affecting the signal efficiency. For the uncertainties that de-
pend on particle masses and lifetime, a range of values is given for the signal parameters used.
In all cases, the uncertainties are relative.

Source Uncertainty
Pileup modelling 2%
Trigger efficiency 6%

Jet energy corrections 0–5%
Track finding efficiency 4%

Jet momentum bias 1–5%
Total 8–10%

in the signal selection efficiency of less than 2%, independent of masses and lifetimes over the
ranges studied.

The trigger efficiency, obtained from control samples selected using lower threshold triggers,
is found to be higher in the simulation than in the data. An overall correction of 11 ± 6% is
applied to the trigger efficiency.

Jet energy corrections are varied within their uncertainties [27]. This variation affects only the
H signal models with mH = 200 and 400 GeV, with a relative change in the signal efficiency of
5% and 3%, respectively. For the H signal model with mH = 1000 GeV and for the neutralino
model, the energies of the jets are high enough that the variation in the energy correction does
not alter the selection efficiency.

7.1 Track finding efficiency

The tracks associated with the dijet candidates correspond mostly to light hadrons originating
at a displaced location. The K0

S ! p+p� decay provides an abundant source of displaced
tracks owing to the K0

S mean proper decay length of 2.68 cm [28]. The reconstruction of a K0
S
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Figure 4: The 95% CL upper limits on the product of the cross section to produce a heavy
resonance H that decays to a pair of neutral long-lived particles X, and the branching fraction
squared B2 for the X decay into a quark-antiquark pair. The limits are presented as a function
of the X particle mean proper decay length separately for each H/X mass point. Solid bands
show the ±1s range of variation of the expected 95% CL limits.
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Search for Displaced Jets
✦ New, innovative search looking for pairs of 

jets originated from the same, displayed 
vertex


✦ Looking for H0 → X0 X0; with X0 → qq’ → jj 
and squark mediated RPV χ1

0 → jjµ decays

✦ Sensitive to twin Higgs models

✦ Using vertex/cluster discriminant to 

distinguish between prompt and secondary 
vertices and special trigger
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Parked Data Analyses
✦ In the middle of 2012, CMS decided to “park” some data, 

using high-rate triggers that probe specific topologies

๏ The computing facilities did not have capacity to cope with 

reconstructing these data promptly, but given the LS1, it was 
clear that we could reconstruct these events later (“long-term 
parking”)


✦ Main parked triggers:

๏ VBF with softer selection (VBF H(bb), H(inv.))

๏ All-hadronic triggers w/ low thresholds (SUSY compressed 

spectrum)

๏ Monophoton trigger with low, 30 GeV photon threshold (generic 

ISR trigger for compressed SUSY, displaced signatures, etc.)

๏ Low-mass dimuon trigger (variety of B-physics studies)


✦ These data are now being analyzed and the new result will 
start appearing in 2015 - still room for Run 1 surprises!
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What Nature Taught Us?
✦ CMS Run 1  

scorecard:

SM-like Higgs  

boson

New Physics
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Summary of CMS SUSY Results* in SMS framework
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What We Taught Nature
✦ Particle physics is a “Natural” science!

✦ CMS has its first publication in Nature Physics and just submitted a joint publication 

with LHCb to Nature

✦ Recent combination of H(bb+ττ) channels results in observed (expected) significance 

of 3.8σ (4.4σ) of the Higgs boson decay into third-generation, down-type fermions

✦ Strong direct evidence for Higgs boson coupling to fermions
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Figure 2: Scan of the profile likelihood as a function of the signal strength relative to the expec-
tation for the production and decay of a standard model Higgs boson, µ, for mH = 125 GeV.
The statistical significance against the background-only (µ = 0) hypothesis describing the ob-
served data is shown for the two channels and their combination. By definition, the expectation
for the standard model Higgs boson with a mass of 125 GeV is µ = 1. The non-fermionic de-
cay contributions expected for the standard model Higgs boson with a mass of 125 GeV are
considered as part of the background and therefore not scaled with µ.
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includes information gained in the fit regarding the values of all parameters [29, 30].

While the expected Higgs boson signal in the VH ! bb analysis consists exclusively of Higgs
bosons decaying to down-type fermions, that is not the case in some event categories in the
H ! tt analysis where a sizable contribution from H ! WW decays is expected. The con-
tribution from H ! WW decays has kinematic properties sufficiently different from those of
H ! tt decays such that the two contributions do not overlap. In order to exclusively assess
the fermionic decays of a Higgs boson, the expected contribution from H ! WW decays is
considered as a background process. Given the discovery of a Higgs boson with properties as
expected in the standard model and a mass close to 125 GeV, the pp ! H ! WW background
contribution is taken from the expectation for the standard model Higgs boson with a mass of
125 GeV, including all associated uncertainties.

Figure 1 shows, as a function of the mass hypothesis for the Higgs boson decaying to fermions,
the median expected and the observed probability for the background-only hypothesis to de-
scribe the data, or p-value. The expectation is calculated after having performed the signal-
plus-background fit to the observed data. The background-only hypothesis includes the pp !
H(125 GeV) ! WW process for every value of mH. The p-value can be expressed in terms
of Gaussian tail probabilities and given in units of standard deviation (s), shown in the right
vertical axis of Fig. 1. For all mH values tested, the evidence against the background-only hy-
pothesis is found to be 3s or more, with a maximum of 3.8s for mH = 125 GeV, corresponding
to a p-value of 7.3 ⇥ 10-5.

The study of the fermionic-decay contribution under the mH = 125 GeV hypothesis is partic-
ularly relevant because of the discovery of a Higgs boson with a mass near 125 GeV in the
analysis of non-fermionic decays. Since the mass resolution in the H ! bb and H ! tt
channels is, at best, around 10%, and the expected yields do not change significantly around
mH = 125 GeV, the exact choice of mH does not affect the conclusions. A scan of the profile
likelihood is performed to estimate the best-fit signal strength relative to the standard model
expectation as well as confidence intervals. As described earlier, the H ! WW contribution is
not treated as part of the signal. The result is shown in Fig. 2, from which a combined signal
strength of 0.83 ± 0.24 with respect to the standard model expectation is inferred for the pro-
duction of a Higgs boson decaying to down-type fermions. This result is compatible with the
expectation for the standard model Higgs boson, as summarised in Table 1.

Table 1: Summary of results for the Higgs boson mass hypothesis of 125 GeV. The probabilities
for the background-only hypotheses to describe the data are expressed in terms of one-sided
Gaussian tail significances and are provided in units of standard deviation (s). The expected
significance is that obtained after the fit of the signal-plus-background hypothesis to the data.
Note that the expected significance of 2.1s quoted in Ref. [17] for the VH ! bb channel was
obtained before the fit of the signal-plus-background hypothesis to the data. The best-fit value
of the signal strength relative to the expectation from the standard model, µ, summarises the
profile likelihood scan of Fig. 2. For simplicity, uncertainties have been symmetrised.

Channel Significance (s) Best-fit
(mH = 125 GeV) Expected Observed µ

VH ! bb 2.3 2.1 1.0 ± 0.5
H ! tt 3.7 3.2 0.78 ± 0.27
Combined 4.4 3.8 0.83 ± 0.24

In conclusion, the existing CMS searches for a Higgs boson decaying into bottom quarks and
t leptons are consistent with the standard model prediction of a Yukawa structure, where the
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CMS Publications
✦ Continue harvesting very rich Run 1 data

✦ Exploring new channels (e.g., Higgs boson in SUSY decay chains), finalizing precision 

measurements and searches requiring special techniques (e.g., long-lived particles)

✦ Publishing in high-impact journals, including Science, Nature Physics & (soon!) Nature

✦ 353 physics papers based on data, 14 technical, and 23 based on 2009 cosmic data

✦ H-index of 75 based on published physics papers only; 77 with technical papers
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H-index: 75 (77)
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Discoveries May Come Early!
53
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Figure 1: a) Distribution of four-lepton invariant mass in the range near the 126 GeV resonance.
Points represent the observed data, shaded histograms represent the backgrounds, and the
open histograms represent the signal expectation. The inset shows the m4` distribution for
events with high values of kinematic discriminant KD. b) Scan of �2D lnL versus mH with and
without the effect of systematic uncertainties included.

struction and momentum measurement algorithms, fine-tuning the electron isolation require-
ment, and by using a regression technique for the contribution of the ECAL to the electron
momentum measurement. For similar reducible background rates, the absolute signal detec-
tion efficiency is improved by up to 4% in the 4e channel and up to 2% in the 2e2µ channel.
The resolution of the reconstructed mass of the 4` system is improved, relatively, by about
10% in the 4e and 2e2µ channels. Signal candidate masses are measured with a per-event
mass precision varying between 1% and 3%. The detection efficiency for a SM Higgs boson of
mH = 126 GeV, with leptons within the geometrical acceptance, is 31% in the 4e channel, 42%
in the 2e2µ channel, and 59% in the 4µ channel.

Systematic uncertainties are evaluated from the observed data for the trigger efficiency (1.5%)
and the combined lepton reconstruction, identification, and isolation efficiencies. These range
from 1.2% in the 4µ channel to about 11% in the 4e channel. Systematic uncertainties on energy-
momentum calibration and energy resolution are incorporated through their effects on the re-
constructed mass distributions. Uncertainties of 0.2%, 0.2%, and 0.1%, are assigned on the
mass scale for the 4e, 2e2µ, and 4µ channels, respectively. The effect of the energy resolution
uncertainties is taken into account by incorporating a 20% uncertainty on the simulated width
of the signal mass peak. To validate the level of accuracy with which the absolute mass scale
and resolution are known, we use Z ! ``, U ! ``, and J/y ! `` events. The limited statisti-
cal precision of the control samples is included as a systematic uncertainty on the final results.
Since the reducible background is derived from control regions, its prediction is independent of
the uncertainties on the integrated luminosity. The integrated luminosity uncertainty (2.2% at
7 TeV [15] and 4.4% at 8 TeV [16]) enters the evaluation of the expected ZZ background and sig-
nal rates. Systematic uncertainties on the Higgs boson cross section (about 18%) and branching
fraction (2%) are taken from Refs. [17, 18].

Figure 1a shows the invariant mass distribution of the selected four-lepton events in the mass

4 5 Results

|h| < 1 region for pT > 0.6 GeV/c. For the multiplicity range studied here, little or no depen-
dence of the tracking efficiency on multiplicity is found and the rate of misreconstructed tracks
remains at the 1–2% level.

Simulations of pp, pPb and peripheral PbPb collisions using the PYTHIA, HIJING and HYDJET
event generators, respectively, yield efficiency correction factors that vary due to the different
kinematic and mass distributions for the particles produced in these generators. Applying
the resulting correction factors from one of the generators to simulated data from one of the
others gives associated yield distributions that agree within 5%. Systematic uncertainties due
to track quality cuts are examined by loosening or tightening the track selections on dz/s(dz)
and dxy/s(dxy) from 2 to 5. The associated yields are found to be insensitive to these track
selections within 2%.
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Figure 1: 2-D two-particle correlation functions for 5.02 TeV pPb collisions for pairs of charged
particles with 1 < pT < 3 GeV/c. Results are shown (a) for low-multiplicity events (Noffline

trk <
35) and (b) for a high-multiplicity selection (Noffline

trk � 110). The sharp near-side peaks from jet
correlations have been truncated to better illustrate the structure outside that region.

5 Results

Figure 1 compares 2-D two-particle correlation functions for events with low (a) and high (b)
multiplicity, for pairs of charged particles with 1 < pT < 3 GeV/c. For the low-multiplicity
selection (Noffline

trk < 35), the dominant features are the correlation peak near (Dh, Df) = (0, 0)
for pairs of particles originating from the same jet and the elongated structure at Df ⇡ p for
pairs of particles from back-to-back jets. To better illustrate the full correlation structure, the jet
peak has been truncated. High-multiplicity events (Noffline

trk � 110) also show the same-side jet
peak and back-to-back correlation structures. However, in addition, a pronounced “ridge”-like
structure emerges at Df ⇡ 0 extending to |Dh| of at least 4 units. This observed structure is
similar to that seen in high-multiplicity pp collision data at

p
s = 7 TeV [17] and in AA collisions

over a wide range of energies [3–10].

As a cross-check, correlation functions were also generated for tracks paired with ECAL pho-
tons, which originate primarily from decays of p0s, and for pairs of ECAL photons. These
distributions showed similar features as those seen in Fig. 1, in particular the ridge-like corre-
lation for high multiplicity events.

To investigate the long-range, near-side correlations in finer detail, and to provide a quanti-
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!  Let’s look at the parton luminosity:

It’s all about PDFs… 
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It’s all about PDFs:  
better be prepared!
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But…
✦ Don’t miss a big pray for a tiny thing!
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Conclusions
✦ Nearing the end of a highly successful shutdown, with numerous 

improvements to the detector:

๏ Installation and commissioning of multiple systems is under 

way at Point 5

๏ The BPIX problem was recognized late, but has been solved 

and won’t affect the schedule

๏ System integration via regular global runs and forthcoming 

extended cosmic run

✦ Serious preparations for Run 2 and beyond are underway:


๏ Optimization of reconstruction and simulation

๏ Improvement in trigger and algorithm

๏ Exercising computing and physics analysis


✦ Continuous flow of high-quality physics results and publications:s

๏ Won’t have any gap between Run 1 and Run 2


✦ CMS is ready to discover new physics in Run 2 - just bring it on!
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Thank You!


