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overview
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* LHC time scale

* new CMS DNA: Run I vs. Run II 

* Higgs after ~1/3 of the Run II

* expectations after Run II

* what comes next
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because this conference is about precision, let’s 
clarify when and how much lumi. we will have 
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where it all (really) happens

* at the Large Hadron Collider, 100 m deep

CMS

ATLAS
Precision, Quy Nhon, Vietnam, 29th September ’16

Run I:
* centre of mass energy: 7 & 8 TeV
* delivered luminosity: 6.1 & 23.3 fb-1

* instantaneous lumi: 7.67x1033 s-1cm-1

* colliding bunches: 1380
* average pile-up: 20
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where it all (really) happens

* at the Large Hadron Collider, 100 m deep

CMS

ATLAS
Precision, Quy Nhon, Vietnam, 29th September ’16

Run II:
* centre of mass energy: 13 TeV
* delivered luminosity: 37.0 fb-1 (so far)
* instantaneous lumi: 1.43x1034 s-1cm-1

* colliding bunches: 2208
* average pile-up: 27 (so far)

Run I:
* centre of mass energy: 7 & 8 TeV
* delivered luminosity: 6.1 & 23.3 fb-1

* instantaneous lumi: 7.67x1033 s-1cm-1

* colliding bunches: 1380
* average pile-up: 20
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LHC: time scale

Precision, Quy Nhon, Vietnam, 29th September ’16

* experiments survived Run I and LS 1 without being damaged by their own constructors
* new data at 13 TeV start accumulating (slowly in 2015, amassing in 2016)
* we expect (hope) to get about 150 fb-1  after Run II and 300 fb-1  after Run III
* from mid 2026 (probably 2027) we can talk about HL-LHC data: deliver 200 to 300 fb-1  a year

50 ns BX 25 ns BX

increase 
energyPU ~ 20 PU ~ 27 PU ~ 50 PU ≥ 50 PU ~ 140

EYETS: Extended Year-End Technical  Stop
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* after a “conservative” and precocious start in 2015, LHC is 
doing an amazing job in 2016
* almost every week of running brings an increase in the 
instantaneous luminosity

October 25

integrated luminosity at 13 TeV
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October 25

integrated luminosity at 13 TeV

* after a “conservative” and precocious start in 2015, LHC is doing an amazing job in 2016
* almost every week of running brings an increase in the instantaneous luminosity
* probably the answer to everything is indeed 42 (fb-1)…



11Adrian Perieanu Precision, Quy Nhon, Vietnam, 29th September ’16

October 25

integrated luminosity at 13 TeV

* after a “conservative” and precocious start in 2015, LHC is doing an amazing job in 2016
* almost every week of running brings an increase in the instantaneous luminosity
* probably the answer to everything is indeed 42 (fb-1)…



12Adrian Perieanu Precision, Quy Nhon, Vietnam, 29th September ’16

* after a “conservative” and precocious start in 2015, LHC is doing an amazing job in 2016
* almost every week of running brings an increase in the instantaneous luminosity
* probably the answer to everything is indeed 42 (fb-1)…

October 25

integrated luminosity at 13 TeV
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integrated luminosity at 13 TeV
- CMS -
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* for more realistic numbers for CMS:
— wanted lumi * data taking efficiency * data quality:
150 fb-1  * 90% * 96% ~ 130 fb-1 

* still, if LHC team go wild (max inst. lumi. of 1.7x1034 s-1cm-1 and a Hübner 
factor of 90-95%) in 2018 and 2019, they might hit us even with  300 fb-1

data taking period affected  
by issues of the cooling  
infrastructure of our Magnet

on Monday we had at 28.9 fb-1,
now we have already 30.2 fb-1

- we only need to look at data
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to summarise:

Precision, Quy Nhon, Vietnam, 29th September ’16

lumi sum
- planned -

[fb-1]

lumi sum
- delivered -

[fb-1]

lumi sum
- usable -

[fb-1]

Run I 30 29.4 24.8

Run II 150 37.0 
and counting

130 
(probably at 

the end)

Run III 300 to be seen to be seen
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CMS: in Run I

Precision, Quy Nhon, Vietnam, 29th September ’16
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and now forget the old CMS

Precision, Quy Nhon, Vietnam, 29th September ’16
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CMS after EYETS, LS2 and LS3 
— with new DNA —

new Tracker:
— radiation hard, high granularity, less material budget
— include tracks in L1 trigger
— extend coverage to |η| < 4

Muon System:
— new DT FE electronics
— extend RPC coverage in forward region
— extend Muon tagging

barrel ECAL:
— new FE electronics
— cool detector/APDs

End Cap Calorimeters:
— radiation hard, 
high granularity

Tigger & DAQ:
— L1 rate ~750 kHz (with Tracks)
— L1 latency 12.5 𝛍s
— HLT stream rate 7.5 kHz
(right now at 2 kHz Tier0 guys are 
calling us to slow it down :) )

Others:
— fast timing for in-time 
pileup suppression

Precision, Quy Nhon, Vietnam, 29th September ’16
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in 2017 after EYETS:

Precision, Quy Nhon, Vietnam, 29th September ’16

* new PIXEL detector: 4 layers (EYETS) 

* new PMT readout for Forward HCAL (EYETS) 

* new L1 Trigger: running in parallel with current system 
(in place: LS1)

* new DAQ system: DAQ2 (in place: LS1)

* L1 & HLT accept already higher rates as in Run I
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now that we know where we are standing 
with int. lumi. is time for Higgs
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Higgs boson

Citation: K.A. Olive et al. (Particle Data Group), Chin. Phys. C, 38, 090001 (2014) and 2015 update

Ξ0
c X seen –

Ξb X seen –
b -baryon X [j ] ( 1.38 ±0.22 ) % –
anomalous γ+ hadrons [k] < 3.2 × 10−3 CL=95% –
e+ e−γ [k] < 5.2 × 10−4 CL=95% 45594

µ+µ−γ [k] < 5.6 × 10−4 CL=95% 45594

τ+ τ−γ [k] < 7.3 × 10−4 CL=95% 45559

ℓ+ ℓ−γγ [l] < 6.8 × 10−6 CL=95% –
qqγγ [l] < 5.5 × 10−6 CL=95% –
ν ν γγ [l] < 3.1 × 10−6 CL=95% 45594

e±µ∓ LF [i ] < 7.5 × 10−7 CL=95% 45594

e± τ∓ LF [i ] < 9.8 × 10−6 CL=95% 45576

µ± τ∓ LF [i ] < 1.2 × 10−5 CL=95% 45576

pe L,B < 1.8 × 10−6 CL=95% 45589

pµ L,B < 1.8 × 10−6 CL=95% 45589

H0H0H0H0 J = 0

Mass m = 125.09 ± 0.24 GeV

H0 Signal Strengths in Different ChannelsH0 Signal Strengths in Different ChannelsH0 Signal Strengths in Different ChannelsH0 Signal Strengths in Different Channels

See Listings for the latest unpublished results.

Combined Final States = 1.17 ± 0.17 (S = 1.2)
W W ∗ = 0.81 ± 0.16
Z Z∗ = 1.15+0.27

−0.23 (S = 1.2)

γγ = 1.17+0.19
−0.17

bb = 0.85 ± 0.29
µ+µ− < 7.0, CL = 95%
τ+ τ− = 0.79 ± 0.26
Z γ < 9.5, CL = 95%
t t H0 Production = 2.5+0.9

−0.8

p

H0 DECAY MODESH0 DECAY MODESH0 DECAY MODESH0 DECAY MODES Fraction (Γi /Γ) Confidence level (MeV/c)

invisible <58 % 95% –

HTTP://PDG.LBL.GOV Page 4 Created: 10/6/2015 12:18

http://pdg.lbl.gov/2015/tables/rpp2015-sum-gauge-higgs-bosons.pdf
nowadays is easier to introduce it:

http://pdg.lbl.gov/2015/tables/rpp2015-sum-gauge-higgs-bosons.pdf


or more precise:
a historical combination

Adrian Perieanu 21

* statistic uncertainty

* energy scale and resolution

5

 [GeV]Hm
123 124 125 126 127 128 1290.5−

9
Total Stat. Syst.CMS and ATLAS

 Run 1LHC       Total      Stat.    Syst.

l+4γγ CMS+ATLAS  0.11) GeV± 0.21 ± 0.24 ( ±125.09 

l 4CMS+ATLAS  0.15) GeV± 0.37 ± 0.40 ( ±125.15 

γγ CMS+ATLAS  0.14) GeV± 0.25 ± 0.29 ( ±125.07 

l4→ZZ→H CMS  0.17) GeV± 0.42 ± 0.45 ( ±125.59 

l4→ZZ→H ATLAS  0.04) GeV± 0.52 ± 0.52 ( ±124.51 

γγ→H CMS  0.15) GeV± 0.31 ± 0.34 ( ±124.70 

γγ→H ATLAS  0.27) GeV± 0.43 ± 0.51 ( ±126.02 

Figure 2: Summary of Higgs boson mass measurements from the individual analyses of AT-
LAS and CMS and from the combined analysis presented here. The systematic (narrower,
magenta-shaded bands), statistical (wider, yellow-shaded bands), and total (black error bars)
uncertainties are indicated. The (red) vertical line and corresponding (gray) shaded column
indicate the central value and the total uncertainty of the combined measurement, respectively.

for the prefit case and

dmHpostfit = ±0.22 GeV = ±0.19 (stat.) ± 0.10(syst.) GeV (7)

for the postfit case, which are both very similar to the observed uncertainties reported in Eq. (3).

Constraining all signal yields to their SM predictions results in an mH value that is about
70 MeV larger than the nominal result with a comparable uncertainty. The increase in the
central value reflects the combined effect of the higher-than-expected H ! ZZ ! 4` measured
signal strength and the increase of the H ! ZZ branching fraction with mH. Thus, the fit
assuming SM couplings forces the mass to a higher value in order to accommodate the value
µ = 1 expected in the SM.

Since the discovery, both experiments have improved their understanding of the electron, pho-
ton, and muon measurements [16, 30–34], leading to a significant reduction of the systematic
uncertainties in the mass measurement. Nevertheless, the treatment and understanding of
systematic uncertainties is an important aspect of the individual measurements and their com-
bination. The combined analysis incorporates approximately 300 nuisance parameters. Among
these, approximately 100 are fitted parameters describing the shapes and normalizations of the
background models in the H ! gg channel, including a number of discrete parameters that al-
low the functional form in each of the CMS H ! gg analysis categories to be changed [35]. Of
the remaining almost 200 nuisance parameters, most correspond to experimental or theoretical
systematic uncertainties.

Based on the results from the individual experiments, the dominant systematic uncertainties
for the combined mH result are expected to be those associated with the energy or momentum
scale and its resolution: for the photons in the H ! gg channel and for the electrons and
muons in the H ! ZZ ! 4` channel [14–16]. These uncertainties are assumed to be uncor-
related between the two experiments since they are related to the specific characteristics of the
detectors as well as to the calibration procedures, which are fully independent except for negli-
gible effects due to the use of the common Z boson mass [36] to specify the absolute energy and

Precision, Quy Nhon, Vietnam, 29th September ’16

* overall: 0.19% precision

 
 

Michael Duehrssen Higgs combination 7

ATLAS+CMS Higgs mass combination

… and the ATLAS+CMS combined Higgs boson mass is:

(0.19% precision!)

Compatibility of the 4 m
H
 measurements with the combined mass: 7-10%
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Higgs decay signal strengths: 
combination

* we should definitely do this again after the Run2
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Higgs production at LHC
Higgs Production at 125 GeV 

ggH#(87.4%)#
Gluon#fusion#

VH#(4.9%)#

VBF#(7.1%)#
Vector#boson#fusion#

=H#(0.6%)#
Run#I# Run#II#

7/8#TeV#(2011/2012)# 13#TeV#(>2015)##

2.3x#

2.4x#

2.0x#
2.1x#

3.9x#

Florencia*Canelli*,*University*of*Zurich* 4*

* we need to measure: VBF, VH, and ttH - production cross-sections 

a nice overview from 
Florencia Canelli
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Higgs decays
— overview —

* look at rare decays: 
𝛍𝛍 and Z𝛄

* check for exotic decays 
like LFV: 𝛍𝛕, e𝛕, e𝛍

Precision, Quy Nhon, Vietnam, 29th September ’16



what do we know from CMS in Run I ?
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sensitivity comes from:

gluon-gluon fusion Vector Boson fusion

• combined signal strength:  µ = 1.00 ± 0.14

arXiv:1412.8662

•  Significance (mH = 125.0 GeV)

Precision, Quy Nhon, Vietnam, 29th September ’16
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what do we know from CMS in Run II, 
so far?

Higgs is still there! 

CMS HIG-16-033

CMS HIG-16-020
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* fiducial cross-section:
σfid=2.29+0.74-0.64(stat)+0.30-0.23(syst)+0.01-0.05(model dep.) fb
σSMfid=2.53 ± 0.13 fb
* with 30 fb-1 we can reduce uncertainties by ~1/3, 
scaled with √L 

~ 30 fb-1

* differential cross-sections: dσ/dpT

where we can go: h ➛ ZZ*
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2D likelihood scan assuming mh:
* 𝛍ggH, ttH  = 1.00+0.39-0.32

* 𝛍VBF,VH = 0.91+1.56-0.91

* individual production modes

where we can go: h ➛ ZZ*
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0.20 0.25 0.30

~ 30 fb-1

(measured)

* Scenario 2: systematics from 
theory scaled by a factor 1/2 and the 
rest of systematics scaled by 1/√L

* Scenario 1: same systematics as in Run I

7%                    11%

where we can go: h ➛ ZZ*

12.9 fb-1  @ 13 TeV

CMS HIG-16-033
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~ 30 fb-1

* fiducial cross-section:
σfid=69+12-22(stat)+8-6(syst) fb
σSMfid=73.8 ± 3.8 fb
* with 30 fb-1 we can reduce uncertainties by ~1/3, 
scaled with √L 

2D likelihood scan profiling mh:
* 𝛍ggH, ttH  = 0.80+0.14-0.18

* 𝛍VBF,VH = 1.59+0.73-0.45

where we can go: h ➛ 𝛄𝛄
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* individual production modes

where we can go: h ➛ 𝛄𝛄
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0.20 0.25 0.30

~ 30 fb-1

(measured)

* Scenario 2: systematics from 
theory scaled by a factor 1/2 and the 
rest of systematics scaled by 1/√L

* Scenario 1: same systematics as in Run I

7%                    11%

where we can go: h ➛ 𝛄𝛄

6%                               12%

12.9 fb-1  @ 13 TeV~ 30 fb-1

12.9 fb-1  @ 13 TeV

CMS HIG-16-033

CMS HIG-16-020
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where we can go: couplings

reduced coupling parameters
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where we can go: couplings

1𝛔 scenario 1
1𝛔 scenario 3
2𝛔 scenario 1
2𝛔 scenario 3

* from Run I we know:
* for 300 fb-1 experimental systematics as in 
Run I, w/o theory uncertainty (scenario3):
— σ(CV ) ≈ 3‐6%
— σ(Cf ) ≈ 5‐10%  
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where we can go: couplings
— let’s make an overlay exercise —
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where we can go: couplings
— let’s make an overlay exercise —
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let’s not forget about rare decays

Precision, Quy Nhon, Vietnam, 29th September ’16
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Higgs rare decays
— dimuon decay — 

es;mated improvements: rare decays 
‐ dimuon channel ‐ 

Adrian Perieanu  Origin of Mass 12‐14th August'13, Odensee  28 

•  SM sensi;vity will be reached before LS2 

•  observa;on >5σ expected during HL‐LHC 
•  very interes;ng in bH with  

S/B beber than 1 and Δμ/μ ~ 25%. 
•  allows ra;o of 2nd and 3rd genera;on 

lepton coupling 

evidence: before LS2 

(with some chance) 

observa2on: a[er LS3 

(during HL‐LHC) 

before LS2 

•  for ECFA workshop 

in Oct.’13 updated 
numbers will be released 

* SM sensitivity should be reached before LS2 

* observation (> 5σ) expected with HL‐LHC

Precision, Quy Nhon, Vietnam, 29th September ’16

before LS2

to exclude or 
not to exclude

σ/σSM = 1

if lucky:
μ > 1
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40 7 Compatibility of the observed data with the SM Higgs boson couplings
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Figure 18: (Left) Likelihood scan versus BRBSM = GBSM/Gtot. The solid curve represents the
observation in data and the dashed curve indicates the expected median result in the presence
of the SM Higgs boson. The modifiers for both the tree-level and loop-induced couplings are
profiled, but the couplings to the electroweak bosons are assumed to be bounded by the SM
expectation (kV  1). (Right) Result when also combining with data from the H(inv) searches,
thus assuming that BRBSM = BRinv, i.e. BRundet = 0.
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Figure 19: (Left) The 2D likelihood scan for the BRinv and BRundet parameters for a combined
analysis of the H(inv) search data and visible decay channels. The cross indicates the best-fit
values. The solid, dashed, and dotted contours show the 68%, 95%, and 99.7% CL confidence
regions, respectively. The diamond represents the SM expectation, (BRinv, BRundet) = (0, 0).
(Right) The likelihood scan versus BRundet. The solid curve represents the observation in data
and the dashed curve indicates the expected median result in the presence of the SM Higgs
boson. BRinv is constrained by the data from the H(inv) searches and modifiers for both the
tree-level and loop-induced couplings are profiled, but the couplings to the electroweak bosons
are assumed to be bounded by the SM expectation (kV  1).

what we 
reached so far in 

Run I

* direct access: VBF and ZH production

* indirect access: combined coupling fit

95% CL 
upper limit

Z h (inv.)
after 300 fb-1 

Z h (inv.)
after 3000 fb-1 

Scenario 1 28% 17 %

Scenario 2 17% 6.4%

Precision, Quy Nhon, Vietnam, 29th September ’16

* together with the VBF channel, the ZH(inv) can help us to 
constrain even more the BSM physics
* additional input will be coming from the mono jet and mono 
photon searches

Higgs rare decays
— invisible — 
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conclusions & outlook

Precision, Quy Nhon, Vietnam, 29th September ’16

* LHC is doing an amazing job this year

* CMS is keeping the pace with data taking and the Higgs 
analyses

* next winter we will have analysed the 2015/2016 data and 
better projections based on 30 (42) fb-1

* Run II is not the end of the story - the big game will be HL-LHC

* we will have a new CMS detector: improved/new analyses

* many studies are now trying to understand how to improve 
sensitivity with HL-LHC data set



maybe we are already in the future… 
we just do not know it, yet
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backup
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