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LHC: Now through Run III
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Run IIIRun II

CM Energy Peak <NPU> Bunch spacing Peak inst. lumi. Cumulative int. lumi.

Run I 7-8 TeV up to 35 50 ns 7.7 x1033 cm-2 s-1 29.5 fb-1

Run II 13-14 TeV ~40 25 ns 1.5 x 1034 cm-2 s-1 ~100 fb-1

Run III 14 TeV ~60 25 ns ~2.0 x1034 cm-2 s-1 ~300 fb-1

Image editing: A. Rao

High pileup run:
78 reconstructed vertices
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•  Of the future accelerator options 
under study, LHC is the only facility 
currently operating and will be the 
only one in the next 10 years 

•  Run II started, Run III approved 

 
This schedule below has changed recently: LS2 will start in 2019, LS3 will start in 2024 
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•  New beampipe 
•  Pixel: repairs, pilot blades  
•  Tracker: lower temperatures  
•  ECAL: repairs, crystal monitoring  
•  HCAL: new photo-diodes  
•  Muons systems: 

•  DT: repairs, trigger boards   
•  RPC: installation of the 4th disk, 

completion of muon coverage 
1.25<|𝜂|<1.8 

•  CSC: prep. for new electronics  
•  DAQ upgrade, Improved HLT 

IPRD13 - Siena L. Guiducci - Universita’ di Bologna & INFNCMS Upgrade

LS1 Muon Upgrades

13

target 5 kHz

20 GeV 50 GeV

‣ CSC+RPC: ME4/2 (1.25<|!|<1.8)

‣ More hits, lower rates

‣ CSC: ME1/1 (2.1<|!|<2.4)

‣ New trigger & RO, higher granularity
‣ DT: new trigger boards, new optical links to 
USC55 (electronics maintenance, Phase1 prep)

This schedule below has changed recently: LS2 will start in 2019, LS3 will start in 2024 
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3.2 Phase 2 Upgrades to the CMS Experiment 11
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Figure 9: Signal efficiency obtained for the current and an upgraded L1 trigger system at L =
2 ⇥ 1034 cm�2s�1 for selected Higgs (top) and SUSY (bottom) channels.

larly severe in the endcap region, where the present calorimeters will suffer radiation damage
and where event pile-up is more pronounced. This region has critical importance in major
parts of the physics program (e.g. vector-boson-fusion Higgs production and vector-boson-
scattering studies). Both the electromagnetic and hadronic endcap calorimeters must be re-
placed. Studies are underway to determine the optimal choice for technology and design. An
option is under consideration to extend tracking beyond h = 2.5 with additional pixel disks to
improve particle flow reconstruction and pile-up mitigation in this region. The use of precision
timing measurement which could be integrated into an electromagnetic preshower detector is
also being investigated. Such a system could provide further pile-up mitigation.

Several Phase 2 upgrade scenarios are under study using both parametrized detector resolu-
tions/responses with which different configurations can be easily compared, and full GEANT
simulations for investigations that require more complex treatment. The result of these studies
will be included along with a description of the design considerations in a Technical Proposal
for the Phase 2 upgrade, anticipated in 2014.

Since the studies to optimize the design choices for Phase 2 are ongoing, it is challenging to ex-

L1 trigger upgrade: 
Algos approaching HLT 
sophistication. Calo and 
muon objects improved 
resolutions, PU 
subtraction, improved 
granularity, flexibility 
HCAL upgrade: 
photodetectors and   
electronics, forward 
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This schedule below has changed recently: LS2 will start in 2019, LS3 will start in 2024 



S. Zenz - CMS@HL-LHC ICHEP BEH Physics - 5 July 2014

LHC: Now through Run III

6

Run IIIRun II

CM Energy Peak <NPU> Bunch spacing Peak inst. lumi. Cumulative int. lumi.

Run I 7-8 TeV up to 35 50 ns 7.7 x1033 cm-2 s-1 29.5 fb-1

Run II 13-14 TeV ~40 25 ns 1.5 x 1034 cm-2 s-1 ~100 fb-1

Run III 14 TeV ~60 25 ns ~2.0 x1034 cm-2 s-1 ~300 fb-1

Image editing: A. Rao

High pileup run:
78 reconstructed vertices

CMS: now through Run III 

31 July 2015 J. Malclès, HH2015 

6 

3.1 Phase 1 Upgrades to the CMS Experiment 5

Current

Upgrade
4 barrel layers

3 barrel layers

Figure 2: Left: Conceptual layout comparing the different layers and disks in the current and
upgrade pixel detectors. Right: Transverse-oblique view comparing the pixel barrel layers in
the two detectors.

closer to the interaction point, by 14 mm, at a radius of 30 mm; this will improve the track
impact parameter (IP) resolution. The radius of the outermost layer, now the fourth layer, in-
creases to 160 mm, closer to the Tracker Inner Barrel (TIB) layers; this will reduce the rate of fake
tracks and mitigate future inefficiencies in the TIB. The new detector will have ⇠123M pixels,
almost twice the present system.

The performance of the proposed upgrades to the pixel detector has been studied with a full
GEANT simulation of the CMS detector, using complete descriptions of the detector and beam
pipe geometries and materials. Both the present and new detectors have been simulated, in-
cluding emulation of the ROC signal thresholds and data loss. In these studies, CMS track
reconstruction has not been re-optimized for the new detector nor have the track selection and
the algorithm used for the b-tagging been tuned to the upgrade conditions. The performance
presented for the new pixel detector is therefore likely conservative. Studies have been per-
formed for luminosities of 1034 cm�2 s�1 with 25 ns bunch spacing, used as a reference for
the present detector, 2x1034 cm�2 s�1 with a 25 ns bunch spacing (pile-up of 50) and for the
extreme case of a 100 pile-up corresponding to a 50 ns bunch spacing at the same luminosity.
The performance comparison of the current and new detectors is presented in Fig. 3. It shows
the average efficiency and average rate of fake tracks. Major improvements in the track recon-
struction efficiency are achieved with the new design, resulting from the increased number of
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Figure 3: Average tracking efficiencies (a) and fake rates (b) as a function of pile-up for the tt̄
event selection.
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event selection.

L1 trigger upgrade: 
Algos approaching HLT 
sophistication. Calo and 
muon objects improved 
resolutions, PU 
subtraction, improved 
granularity, flexibility 
HCAL upgrade: 
photodetectors and   
electronics, forward 

Pixel detector upgrade: 
4 layers in the barrel, 3 disks in the endcaps, 
better tracking efficiency, lower fake rates, 
improved b-tagging 
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This schedule below has changed recently: LS2 will start in 2019, LS3 will start in 2024 
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L1 trigger upgrade: 
Algos approaching HLT 
sophistication. Calo and 
muon objects improved 
resolutions, PU 
subtraction, improved 
granularity, flexibility 
HCAL upgrade: 
photodetectors and   
electronics, forward 

Pixel detector upgrade: 
4 layers in the barrel, 3 disks in the endcaps, 
better tracking efficiency, lower fake rates, 
improved b-tagging 

Tracking Performance

� Transverse impact parameter 
resolution with 50PU

� Tracking efficiency for ttbar
sample with ROC data losses etc 
with 100 PU

November 9, 2012 Physics with Upgraded CMS Detector 37

Gains in longitudinal impact parameter
resolution even more pronounced!
e.g. |η|<1, p=100GeV o gain = 1.63! 
(transversal impact parameter gain =1.15) 

Upgrade detectorCurrent detector

Fake Rate= 6% (η=0) Fake Rate= 2% (η=0)

0 PU
25 PU
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Tracking and b-tagging: 
 

New pixel at 50 PU  
= 

Current pixel at 0 PU 

This schedule below has changed recently: LS2 will start in 2019, LS3 will start in 2024 
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Pixel detector upgrade: 
4 layers in the barrel, 3 disks in the endcaps, 
better tracking efficiency, lower fake rates, 
improved b-tagging 

HCAL upgrade:  
photodetectors/ 
electronics  
barrel/endcap 
depth segmentation 
allows PU mitigation 
 

Jul. 3, 2014
Seth I. C

ooper 
(Alabam

a)

Longitudinal Segmentation

53

Current Upgraded

Increase number of channels and longitudinal segmentation with SiPMs
• Improve suppression of pileup particles (inner layers)
• Recalibrate gain losses due to radiation damage (inner layers)
• Finer granularity of shower development
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This schedule below has changed recently: LS2 will start in 2019, LS3 will start in 2024 
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L1 trigger upgrade: 
Algos approaching HLT 
sophistication. Calo and 
muon objects improved 
resolutions, PU 
subtraction, improved 
granularity, flexibility 
HCAL upgrade: 
photodetectors and   
electronics, forward 

Pixel detector upgrade: 
4 layers in the barrel, 3 disks in the endcaps, 
better tracking efficiency, lower fake rates, 
improved b-tagging Phase I upgrades è no 

degradation of performances up to 
the end of Run III  

= 
Assumption for the prospective 

studies presented thereafter 
 

NB: In some cases, could be better 

HCAL upgrade:  
photodetectors/ 
electronics  
barrel/endcap 
depth segmentation 
allows PU mitigation 
 

This schedule below has changed recently: LS2 will start in 2019, LS3 will start in 2024 



Impact of phase I upgrades: examples  
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1.  HèZZè4l  
•  Sensitive to improved lepton tracking and 

isolation efficiency 
•  Significant gain in signal reconstruction 

efficiency (PU=50): 41% to 51% 

2.  ZHèllbb  
•  Sensitive to lepton tracking, b-tagging and 

dijet mass resolution 
•  Both channels with 65% gain in signal 

efficiency (~30% b-tagging, ~20% tracking) 
•  HLT trigger efficiency not included, using 3 

of the 4 hits in upgraded pixel detector 
could improve also trigger efficiency 
significantly  
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2.3. Performance for Physics 49
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Figure 2.37: Cut flow chart for the H ! 4e channel. The ratio of the numbers of events selected
with the Phase-1 upgrade detector and the ones selected with the current detector is plotted
with PU = 50.

•  b-jet efficiency 1.3 x better for a 1% light flavour jet rejection, for PU = 50 
•  Detector much more robust to PU: upgrade at 50 PU ~ current at 0 PU 

30 Chapter 2. Expected Performance & Physics Capabilities

b Jet Efficiency
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

c/
lig

ht
 J

et
 E

ffi
ci

en
cy

-410

-310

-210

-110

1

No Pileup

(a)

light jet: Current Detector 
light jet: Upgrade Detector
c-jet: Current Detector
c-jet: Upgrade Detector

b Jet Efficiency
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

c/
lig

ht
 J

et
 E

ffi
ci

en
cy

-410

-310

-210

-110

1

 (25 ns)-1s-22E34 cm

(b)

light jet: Current Detector 
light jet: Upgrade Detector
c-jet: Current Detector
c-jet: Upgrade Detector

Figure 2.15: Performance of the Combined Secondary Vertex b-tagging algorithm for jets with
pT > 30 GeV in a tt̄ sample with (a) zero pileup, and (b) an average pileup of 50. The perfor-
mance for the current detector are shown by the open points while the solid points are for the
upgrade detector. The triangular points are for c-jets while the circle and square points are for
light quark jets.
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Figure 2.16: Comparison of the performance of the Combined Secondary Vertex b-tagging algo-
rithm for jets with pT > 30 GeV in a tt̄ sample for the Phase 1 upgrade detector with an average
pileup of 50, and for (a) the current pixel detector with zero pileup, (b) the current pixel detec-
tor with an average pileup of 25. The performance for the current detector are shown by the
open points while the solid points are for the upgrade detector. The triangular points are for
c-jets while the circle and square points are for light quark jets.



Significant effort on algorithm improvements 
with emphasis on pile-up mitigation, namely:  
•  Improvement of track reconstruction: fast, efficient 
•  New tau ID 
•  Out of time PU mitigation in the calorimeters, pulse fit 

to extract the in-time energy per cell  
•  Revisiting of Particle Flow event reconstruction  
 

Further actions for Run II 
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Performance of Tight Muon ID 

Tag-and-Probe efficiency for Tight Muon ID on Z→µµ events from a subsample 
of data recorded in the last part of the 2012 Run, reconstructed with both the 
Run-1 and Run-2 reconstruction algorithms  

�  Left: efficiency as a function of muon pseudorapidity for muon pT > 20 GeV  

�  Right: efficiency as a function of the number of reconstructed vertices for  
          muon pT > 20 GeV and |η| < 2.4  
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A$new$MVA$based$tau$ID$discriminator$has$been$trained.$The$MVA$uses$as$
input$informaJon$on$tau$isolaJon$and$on$tau$lifeJme$*.$It$reduces$the$$
jet$$tau$fakeDrate$by$40D50%$compared$to$cutDbased$tau$ID$discriminators$$
and$is$foreseen$to$be$used$in$future$CMS$data$analyses.$
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Frequently-asked-question:
Q) Why gains in gg→H and qq→qqH are the same? A) accidental!

Q) Why ttH gain is so large? A) phase space opening + large MX=2Mt+MH in gg)

Gains can be estimated via parton luminosity ratio if kinematically fully open. 

Cross section ratio σ14TeV/σ8TeV
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  gg→H 2.6 (MX=MH)
  qq→qqH 2.6 (probes high MX)
  qq→VH 2.1 (MX=MV+MH)
  gg→ttH 4.7 (phase space+MX) 12

European Strategy 2012 TWki

Higgs physics at 13/14 TeV 
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Early Run II: with 5 to 10 fb-1 (Moriond 2016), Higgs boson rediscovery, sensitivities 
comparable to Run I  
•  Results on ggH/VBF/VH production with H to ZZ/WW/γγ/ττ/bb decays  
•  ttH combination foreseen with full 2015 dataset with a better sensitivity than for Run I   
•  Many searches will update with the full 2015 dataset: reaching Run I statistics with ~1 fb-1 of data 

at M = 3 TeV, ~5 fb-1 of data at M = 1 TeV (Salam & Weiler) 

Up to now: Focusing on Run II preparation, 50 ns data mostly used for object commissioning 

With 4 x more luminosity at the end of Run II and ~ 2 to 4 x cross sections 
LHC Higgs XS WG 

σ 13(14) TeV  
/ σ 8 TeV  

Events 20fb-1 
√s = 8 TeV 

Events 100 fb-1 
√s = 13 TeV 

ggH 2.3 (2.6) 390k 4500k 
VBF 2.4 (2.6) 32k 370k 
WH 2.0 (2.1) 14k 140k 
ZH 2.0 (2.1)  8k 90k 
ttH 3.9 (4.7)  3k 50k 
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Q) Why ttH gain is so large? A) phase space opening + large MX=2Mt+MH in gg)

Gains can be estimated via parton luminosity ratio if kinematically fully open. 

Cross section ratio σ14TeV/σ8TeV
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  gg→H 2.6 (MX=MH)
  qq→qqH 2.6 (probes high MX)
  qq→VH 2.1 (MX=MV+MH)
  gg→ttH 4.7 (phase space+MX) 12

European Strategy 2012 TWki

σ 13(14) TeV  
/ σ 8 TeV  

Events 20fb-1 
√s = 8 TeV 

Events 100 fb-1 
√s = 13 TeV 

ggH 2.3 (2.6) 390k 4500k 
VBF 2.4 (2.6) 32k 370k 
WH 2.0 (2.1) 14k 140k 
ZH 2.0 (2.1)  8k 90k 
ttH 3.9 (4.7)  3k 50k 

Higgs physics at 13/14 TeV 

31 July 2015 J. Malclès, HH2015 

13 

 
Run II (100 fb-1): complete transition from discovery to precision physics 
•  Precise measurements of Higgs production, couplings and mass 
•  Fiducial cross sections, differential cross sections 
•  Search for rare or exotic decay modes 
•  Spin-parity, possible CP violating contributions 
•  Search for additional Higgs bosons beyond the SM 
•  Probing EWK symmetry breaking: VV scattering 

With 4 x more luminosity at the end of Run II and ~ 2 to 4 x cross sections 
LHC Higgs XS WG 
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•  Estimate uncertainties on signal strength, couplings, and 
coupling ratios at the end of LHC phase I (Run II+III) 

•  Extrapolate from numbers of signal and background events in 
Run I analysis, scaling statistics to 300 fb-1 at √s = 14 TeV 

•  New channels not considered 

•  2 scenarii for systematic and theoretical uncertainties: 
•  Scenario 1: all systematics remain the same as Run I 
•  Scenario 2: experimental syst. scaled by 1/√L, theory scaled by ½ 

•  Procedure assumes 2012 CMS performance 
•  Assumes object resolutions are maintained 
•  No optimizations 
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Figure 11: Estimated precision on the measurements of the signal strength for a SM-like Higgs
boson. The projections assume

p
s = 14 TeV and an integrated dataset of 300 fb�1 (left) and

3000 fb�1 (right). The projections are obtained with the two uncertainty scenarios described in
the text.

4.4 Coupling-Modifier Fit

The event yield for any (production)⇥(decay) mode is related to the production cross section
and the partial and total Higgs boson decay widths via the narrow-width approximation:

(s · BR) (x ! H ! ff ) =
sx · Gff

Gtot
, (1)

where sx is the production cross section through the initial state x, Gff is the partial decay width
into the final state ff , and Gtot is the total width of the Higgs boson. In particular, sggH, Ggg,
and G

gg

are generated by quantum loops and are directly sensitive to the presence of new
physics. The possibility of Higgs boson decays to BSM particles, with a partial width GBSM, is
accommodated by keeping Gtot as a dependent parameter so that Gtot = Â Gii + GBSM, where the
Gii stand for the partial width of decay to all SM particles. The partial widths are proportional
to the square of the effective Higgs boson couplings to the corresponding particles. To test
for possible deviations in the data from the rates expected in the different channels for the SM
Higgs boson, factors ki corresponding to the coupling modifiers are introduced and fit to the
data [33].

Figure 12 and Table 3 show the uncertainties obtained on ki for an integrated dataset of 300 fb�1

and 3000 fb�1. The expected precision ranges from 5–15% for 300 fb�1 and 2–10% for a dataset
of 3000 fb�1. The measurements will be limited by systematic uncertainties on the cross section,
which is included in the fit for the signal strength. The statistical uncertainties on ki are below
one percent. As for the results on the signal strength, to illustrate the importance of theoretical
uncertainties, a fit was performed without considering theoretical systematics. The results are
shown in Fig. 13.

The likelihood scan versus BRBSM = GBSM/Gtot yields a 95% CL of the invisible BR of 18 (11)
% for Scenario 1 and 14 (7) % for Scenario 2 for 300 (3000) fb�1. This scan assumes that the
coupling to the W and Z boson are equal to or smaller than the SM values. Fits for ratios of
Higgs boson couplings do not require assumptions on the total width or couplings to the W
and Z boson. The results are shown in Figure 14 and Table 4.

The measurement of couplings can be extended to first- and second-generation fermions. Previ-
ous studies have shown that the Higgs decay to a pair of muons can be observed in gluon-gluon
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Δµ/µ [%] γγ WW ZZ ττ bb 

Run I 21 25 29 31 52 

Run III 12(6) 11(6) 11(7) 14(8) 14(11) 

Signal strengths µ=σ.BR/(σ.BR)SM determined 
directly for each production and decay channel 

6 to 14% 
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fusion and via vector-boson fusion production [30–32]. The dimuon events can be observed as
a narrow resonance over a falling background distribution. The shape of the background can
be parametrized and fitted together with a signal model. Assuming the current performance of
the CMS detector, we confirm these studies and estimate a measurement of the hµµ coupling
with a precision of 8%, statistically limited in 3000 fb�1.
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Figure 12: Estimated precision on the measurements of k

g

, kW , kZ, kg, kb, kt and k

t

. The pro-
jections assume

p
s = 14 TeV and an integrated dataset of 300 fb�1 (left) and 3000 fb�1 (right).

The projections are obtained with the two uncertainty scenarios described in the text.
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Figure 13: Estimated precision on the signal strengths (left) and coupling modifiers (right).
The projections assuming

p
s = 14 TeV, an integrated dataset of 3000 fb�1 and Scenario 1 are

compared with a projection neglecting theoretical uncertainties.

4.5 Spin-parity

Besides testing Higgs couplings, it is important to determine the spin and quantum numbers
of the new particle as accurately as possible. The full case study has been presented by CMS
with the example of separation of the SM Higgs boson model and the pseudoscalar (0�) [7].
Studies on the prospects of measuring CP-mixing of the Higgs boson are presented using the
H! ZZ⇤ ! 4l channel. The decay amplitude for a spin-zero boson defined as

A(H ! ZZ) = v�1
⇣

a1m2
Ze

⇤
1e

⇤
2 + a2 f ⇤(1)

µn

f ⇤(2),µn + a3 f ⇤(1)
µn

f̃ ⇤(2),µn

⌘
. (2)

4 to 15% 

Coupling modifiers κY
2

 = ΓY/(ΓY)SM  
defined so that relevant rates scale with κY

2 
Determined from fit to σ.BR measurements  

Measurements σ(XXèH) . BR(HèYY) ~ ΓX ΓY / ΓH (in “small width approx.”) 

10 Energy Frontier

likely to be in this situation, in which the picture of the Higgs boson may be very di↵erent from that in the
SM but, since the other particles in the sector are heavy, it is di�cult to conclude this except by precision
measurement.

Typical sizes of Higgs boson coupling modifications are shown in Table 3-1. More details of these estimates
are given in [23].

Model V b �

Singlet Mixing ⇠ 6% ⇠ 6% ⇠ 6%

2HDM ⇠ 1% ⇠ 10% ⇠ 1%

Decoupling MSSM ⇠ �0.0013% ⇠ 1.6% < 1.5%

Composite ⇠ �3% ⇠ �(3� 9)% ⇠ �9%

Top Partner ⇠ �2% ⇠ �2% ⇠ +1%

Table 3-1. Generic size of Higgs coupling modifications from the Standard Model values in classes of new
physics models: mixing of the Higgs boson with a singlet boson, the two-Higgs doublet model, the Minimal
Supersymmetric Standard Model, models with a composite Higgs boson, and models with a heavy vectorlike
top quark partner. For these estimates, all new particles are taken to have M ⇠ 1 TeV and mixing angles
are constrained to satisfy precision electroweak fits.

Tests of the values of the Higgs couplings relative to the SM must take account of the theoretical uncertainty
in the comparison to the SM predictions. A potentially observable quantity is the partial decay width
�(h ! AĀ), related to A by

2
A = �(h ! AĀ)/(SM) . (3.10)

Currently, the SM predictions for the values of some Higgs partial widths have large uncertainties. The
uncertainty in the partial width �(h ! bb̄), which accounts for more than half of the SM Higgs total width,
is quoted as 6% [25]. A concerted program is required to bring the uncertainties in the SM predictions below
1%. This requires complete evaluation of the 2-loop electroweak corrections to the partial widths. It also
requires improvement of the uncertainty in the crucial input parameters ↵s, mb, and mc. Lattice gauge
theory promises to reduce the errors on all three quantities to the required levels [26]. Further methods for
improvement in our knowledge of ↵s are discussed in Section 3.6.

There are only a few cases in which the partial widths �(h ! AĀ) can be measured directly. More often,
the Higgs decay partial widths are measured from the rates of reactions that involve the Higgs boson in an
intermediate state. An example is the rate of �� production through gg fusion at the LHC. The rate of this
process is proportional to the Higgs boson production cross sections times the branching ratio of the Higgs
boson to ��,

�(gg ! h) ·BR(h ! ��) ⇠ �(h ! gg)�(h ! ��)

�T (h)
, (3.11)

where �T (h) is the total Higgs boson width. In terms of the A quantities, the measured rates are proportional
to

�(AĀ ! h)BR(h ! BB̄)/(SM) =
2
A

2
BP

C 2
CBRSM (h ! CC̄)

. (3.12)

The SM prediction for the total width of the Higgs boson is 4 MeV, a value too small to be measured directly
except at a muon collider where the Higgs boson can be produced as a resonance. At all other cases of hadron
and lepton colliders, the total width must be determined by a fit to the collection of measured rates. Such
fits entail some model-dependence to control the size of modes of Higgs decay that are not directly observed.

Community Planning Study: Snowmass 2013
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Most NP scenarios predict smaller deviations  
Improves sensitivity with regard to Run I 
by about a factor 2 to 4 (3 to 5)   



•  Constraint anomalous couplings from 
simultaneous fit to m(H) and kinematics 
of the 4-leptons system 

•  Example: fa3 effective fraction of ZZ 
cross section from CP-odd contribution 

 

•  Increasingly precise limits on CP-odd 
contribution to Higgs boson 

Spin-parity with HèZZ 
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95% CL limit at 300fb-1: 
fa3 < 0.13 (current limit: 0.51) 
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Table 4: Estimated precision on the measurements of ratios of Higgs boson couplings (plot
shows ratio of partial width. It will be replaced by a plot of ratio of couplings by the time of
the pre-approval. Uncertainties are 1/2). These values are obtained at

p
s = 14 TeV using

an integrated dataset of 300 and 3000 fb�1. Numbers in brackets are % uncertainties on the
measurements estimated under [scenario2, scenario1], as described in the text.

L (fb�1) kg · kZ/ kH k

g

/kZ kW/kZ kb/kZ k

t

/kZ kZ/kg kt/kg k

µ

/kZ kZg

/kZ
300 [4,6] [5,8] [4,7] [8,11] [6,9] [6,9] [13,14] [22,23] [40,42]
3000 [2,5] [2,5] [2,3] [3,5] [2,4] [3,5] [6,8] [7,8] [12,12]

Projections of the expected �2 lnL values from the fits assuming 300 fb�1 and 3000 fb�1 are
shown in Fig. 15. A 68% (95%) CL limit on the contribution of fa3 can be achieved at the level
of 0.07 (0.13) with 300 fb�1 and 0.02 (0.04) with 3000 fb�1. The analysis is limited by statistical
uncertainties up to a high luminosity, but all sources of systematic uncertainties are preserved
in the projections.

Figure 15: Distribution of expected �2 lnL for fa3 for the projection to 300 fb�1 (green, dotted)
and 3000 fb�1 (magenta, dot-dashed).

5 Discovery Potential: Supersymmetry
After the observation of a Higgs boson at the LHC, the question about the large quantum
corrections to its mass are more pressing than ever. A natural solution to this hierarchy problem
would be the cancellation of these corrections from new particles predicted by supersymmetry
(SUSY), which have the same quantum numbers as their SM partners apart from spin. No
evidence for supersymmetric particles has been found with the data taken at the LHC withp

s = 8 TeV, but the energy upgrade to 14 TeV together with higher luminosities will open the
possibility to access a new interesting mass window in the next years.

Extrapolations of several searches for SUSY by CMS [34–39] are performed by scaling the lu-
minosity and taking into account the change of cross section with higher energy accordingly.
The projections are made based on 8 TeV Monte Carlo samples and without optimizing the
selections for searches at higher energies and higher luminosities. In “Scenario A” the signal

16 4 Higgs Boson Properties

fusion and via vector-boson fusion production [30–32]. The dimuon events can be observed as
a narrow resonance over a falling background distribution. The shape of the background can
be parametrized and fitted together with a signal model. Assuming the current performance of
the CMS detector, we confirm these studies and estimate a measurement of the hµµ coupling
with a precision of 8%, statistically limited in 3000 fb�1.
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Figure 12: Estimated precision on the measurements of k

g

, kW , kZ, kg, kb, kt and k

t

. The pro-
jections assume

p
s = 14 TeV and an integrated dataset of 300 fb�1 (left) and 3000 fb�1 (right).

The projections are obtained with the two uncertainty scenarios described in the text.
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Figure 13: Estimated precision on the signal strengths (left) and coupling modifiers (right).
The projections assuming

p
s = 14 TeV, an integrated dataset of 3000 fb�1 and Scenario 1 are

compared with a projection neglecting theoretical uncertainties.

4.5 Spin-parity

Besides testing Higgs couplings, it is important to determine the spin and quantum numbers
of the new particle as accurately as possible. The full case study has been presented by CMS
with the example of separation of the SM Higgs boson model and the pseudoscalar (0�) [7].
Studies on the prospects of measuring CP-mixing of the Higgs boson are presented using the
H! ZZ⇤ ! 4l channel. The decay amplitude for a spin-zero boson defined as

A(H ! ZZ) = v�1
⇣

a1m2
Ze

⇤
1e

⇤
2 + a2 f ⇤(1)

µn

f ⇤(2),µn + a3 f ⇤(1)
µn

f̃ ⇤(2),µn

⌘
. (2)
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Table 3: Precision on the measurements of k

g

, kW , kZ, kg, kb, kt and k

t

. These values are obtained
at

p
s = 14 TeV using an integrated dataset of 300 and 3000 fb�1. Numbers in brackets are

% uncertainties on couplings for [Scenario 2, Scenario 1] as described in the text. For the fit
including the possibility of Higgs boson decays to BSM particles d the 95% CL on the branching
fraction is given.

L (fb�1) k

g

kW kZ kg kb kt k

t

kZg

k

µµ

BRSM
300 [5, 7] [4, 6] [4, 6] [6, 8] [10, 13] [14, 15] [6, 8] [41, 41] [23, 23] [14, 18]
3000 [2, 5] [2, 5] [2, 4] [3, 5] [4, 7] [7, 10] [2, 5] [10, 12] [8, 8] [7, 11]
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Figure 14: Estimated precision on the measurements of ratios of Higgs boson couplings (plot
shows ratio of partial width. It will be replaced by a plot of ratio of couplings by the time
of the pre-approval. Uncertainties are 1/2). The projections assume

p
s = 14 TeV and an

integrated dataset of 300 fb�1 (left) and 3000 fb�1 (right). The projections are obtained with the
two uncertainty scenarios described in the text.

where f (i),µn ( f̃ (i),µn) is the (conjugate) field strength tensor of a Z boson with polarization vector
ei and v the vacuum expectation value of the Higgs field. The spin-zero models 0+ and 0�
correspond to the terms with a1 and a3, respectively.

Four independent real numbers describe the process in Eq. (2), provided that the overall rate
is treated separately and one overall complex phase is not measurable. For a vector-boson
coupling, the four independent parameters can be represented by two fractions of the corre-
sponding cross-sections ( fa2 and fa3) and two phases (fa2 and fa3). In particular, the fraction of
CP-odd contribution is defined under the assumption a2 = 0 as

fa3 =
|a3|2s3

|a1|2s1 + |a3|2s3
,

where si is the effective cross section of the process corresponding to ai = 1, aj 6=i = 0. Given the
measured value of fa3, the coupling constants can be extracted in any parameterization. For
example, following Eq. (2) the couplings will be

|a3|
|a1| =

s
fa3

(1 � fa3)
⇥

r
s1

s3
,

where s1/s3 = 6.240 for a Higgs boson with a mass of 126 GeV.

A fit is performed on the parameter fa3, which is effectively a fraction of events (corrected for
reconstruction efficiency) corresponding to the 0� contribution in the (D0� ,Dbkg) distribution.
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 300fb-1  
at 14 TeV 

κµ  23% 
κZγ 41% 
Invisible BR  
(95% limit) 

17% 

1.  Hèμμ  
Exclusion can be settled with < 200 fb−1  
Evidence with ~ 450fb-1 (~2.5σ with 300 fb-1) 
 
2.  HèZγ 
Loop induced, sensitive to non-SM contributions 
 
3.  Direct search for Hèinvisible 

ZH or VBF tagged 
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Probing EWK symmetry breaking:    
VV scattering 
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Probing EWK symmetry breaking: QGC

Probing EWK symmetry breaking: QGC (1)

WZ scattering (leptonic decays)
Double TGC, QGC, t-channel Higgs boson scattering
Strong interference, �NLO predicted (Higgs boson mass)
Scattering topology ! new physics in the EWKSB sector

�NLO (fb) WZ EWK WZ QCD ZZ LT1 (fT1/⇤
4 = 1.0)

Total 7.7 270 16 3.1
Fiducial (2.4) 0.69 0.96 0.038 0.57
Fiducial (4.0) 1.3 1.6 0.0016 0.58

O. Bondu (CERN) Future Higgs at CMS PASCOS 2013 16 / 19

WZ scattering (leptonic decays + energetic forward scattering jets) 
•  Double TGC, QGC, t-channel Higgs boson scattering 
•  Strong interference leading to finite cross section, σNLO predicted 
•  Scattering topology sensitive to new physics: any addition to the scattering 

process would alter this cancelation è changes in the cross section at high 
scattering center of mass energy 

 
2 goals: 
•  Assess the discovery potential of SM WZ scattering  
•  Assess the sensitivity to new physics (anomalous QGC) with effective field 

theory (EFT) 

Example prospective study including detector phase I upgrades at 14 TeV 
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EFT approach for modelling aQGCs 
•  Operator: 
•  fT1 coupling constant for the new physics, Λ energy scale of the new physics 

Probing EWK symmetry breaking: QGC

Probing EWK symmetry breaking: QGC (2)

EFT approach
EFT for modelling aQGCs (no new physics (yet) at the LHC)
Operator: LT1 = (fT 1/⇤

4)Tr [Ŵ↵⌫Ŵµ�]Tr [Ŵµ�Ŵ↵⌫ ]
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SM EWK scattering discovery 75 fb�1 185 fb�1
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fT 1/⇤
4 at 3000 fb�1 0.45 TeV�4 0.55 TeV�4
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Used for sensitivity to new physics Used for SM WZ scattering discovery potential 



 
 

CMS is back  
in business 
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•  Run II: 100fb-1 with Higgs boson production cross sections x 2 to 4  
è Run II Higgs boson statistics equivalent to 8 to 16 times the Run I one 
è Within a year, most channels should reach or exceed Run I sensitivities 
•  LHC environment more challenging with higher PU 
•  Detector upgrades and reconstruction improvements designed to cope with this 

challenging environment 
è CMS performances should be maintained or even better for Run II 
•  Physics at 13 TeV has already started: see Kerstin Borras’s talk at EPS & 

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PublicPlotsEPS2015 

Reconstruction  
of Z → ττ  

13 TeV data 
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All projections results can be found here: 
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsFP 

•  http://arxiv.org/abs/1307.7135 CMS Submission to snowmass 
•  http://cds.cern.ch/record/1607076?ln=en H to ZZ to 4l 
•  http://cds.cern.ch/record/1606835?ln=en Vector Boson Scattering and Quartic 

Gauge Coupling Studies in WZ Production at 14 TeV 
•  http://cds.cern.ch/record/1607086?ln=en 2HDM Neutral Higgs Future Analysis 

Studies 
•  http://cds.cern.ch/record/1605864?ln=en Sensitivity study for ECFA: heavy 

vector-like charge 2/3 quarks 
•  http://cds.cern.ch/record/1355706?ln=en Technical proposal for the upgrade of 

the CMS detector through 2020 
•  https://cms-mgt-conferences.web.cern.ch/cms-mgt-conferences/conferences/

pres_display.aspx?cid=1159&pid=7875 Higgs properties CMS paper 
•  https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig13007TWiki H to muons 
•  http://cds.cern.ch/record/1481837?ln=en Pixel upgrade TDR 
•  http://cds.cern.ch/record/1481837?ln=en HCAL upgrade TDR 
•  EPS-HEP 2015 talks: Frederick Bordry, Kerstin Borras 
 



•  Current CMS mass measurement largely dominated by statistics (syst x 2 in γγ, syst 
x 2.5 in ZZ) and slightly dominated by the diphoton channel (weights 65%, 35%) 

•  Statistical errors will reach current systematics with ~ 40 to 70 fb-1 

 

•  But: many systematics will also scale with statistics! ZZ systematics can already be 
greatly reduced with Run I data. 

•  Other ones can also be reduced when high statistics available with the use of golden 
events where syst. are under better control 

Precision on mass in CMS   
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4.5 Spin-parity 17

Table 3: Precision on the measurements of k

g

, kW , kZ, kg, kb, kt and k

t

. These values are obtained
at

p
s = 14 TeV using an integrated dataset of 300 and 3000 fb�1. Numbers in brackets are

% uncertainties on couplings for [Scenario 2, Scenario 1] as described in the text. For the fit
including the possibility of Higgs boson decays to BSM particles d the 95% CL on the branching
fraction is given.

L (fb�1) k

g

kW kZ kg kb kt k

t

kZg

k

µµ

BRSM
300 [5, 7] [4, 6] [4, 6] [6, 8] [10, 13] [14, 15] [6, 8] [41, 41] [23, 23] [14, 18]
3000 [2, 5] [2, 5] [2, 4] [3, 5] [4, 7] [7, 10] [2, 5] [10, 12] [8, 8] [7, 11]
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Figure 14: Estimated precision on the measurements of ratios of Higgs boson couplings (plot
shows ratio of partial width. It will be replaced by a plot of ratio of couplings by the time
of the pre-approval. Uncertainties are 1/2). The projections assume

p
s = 14 TeV and an

integrated dataset of 300 fb�1 (left) and 3000 fb�1 (right). The projections are obtained with the
two uncertainty scenarios described in the text.

where f (i),µn ( f̃ (i),µn) is the (conjugate) field strength tensor of a Z boson with polarization vector
ei and v the vacuum expectation value of the Higgs field. The spin-zero models 0+ and 0�
correspond to the terms with a1 and a3, respectively.

Four independent real numbers describe the process in Eq. (2), provided that the overall rate
is treated separately and one overall complex phase is not measurable. For a vector-boson
coupling, the four independent parameters can be represented by two fractions of the corre-
sponding cross-sections ( fa2 and fa3) and two phases (fa2 and fa3). In particular, the fraction of
CP-odd contribution is defined under the assumption a2 = 0 as

fa3 =
|a3|2s3

|a1|2s1 + |a3|2s3
,

where si is the effective cross section of the process corresponding to ai = 1, aj 6=i = 0. Given the
measured value of fa3, the coupling constants can be extracted in any parameterization. For
example, following Eq. (2) the couplings will be

|a3|
|a1| =

s
fa3

(1 � fa3)
⇥

r
s1

s3
,

where s1/s3 = 6.240 for a Higgs boson with a mass of 126 GeV.

A fit is performed on the parameter fa3, which is effectively a fraction of events (corrected for
reconstruction efficiency) corresponding to the 0� contribution in the (D0� ,Dbkg) distribution.

Coupling scale factor ratios λXY=κX/κY 
independent of assumptions on Higgs 

boson total width 
 

4 to 14% 

Test of universal couplings κV and κF to 
gauge bosons and fermions (b, t, τ) 
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•  About 5% (10%) precision in Higgs couplings to 
vector bosons (fermions) reachable with run 2&3, 
compared to current values about 10% (25%)  

•  Theory improvements could reduce the  
uncertainty on κV significantly 

CV CF

p
s = 14 �1

�1
p

s = 7

�1

� V g b t ⌧p
s = 14 �1

�1 �1

�

V

g

b
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�1

1σ 
2σ 

Full lines: with current theory errors 
Dashed: without theory errors 

Projection 300 fb-1 Current 
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Higgs couplings with 300 fb-1

‣ Assume the same trigger and reconstruction performances as in 2012
‣ Need upgraded detectors to cope with large pileup and radiation damage 

57

10 fb-1, 7 and 8 TeV (Scenario 1)
300 fb-1 , 14TeV (Scenario 1)
300 fb-1 , 14TeV (Scenario 3)

With 300 fb-1 the 
precision on the signal 
strength is expected to 
be 10-15% per channel 

• Scenario 1: same systematics as in 2012
• Scenario 2: theory systematics scaled by a factor ½, other systematics scaled by 1/√L
• Scenario 3: same exp. syst. as in 2012, w/o theory uncertainty
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2 

• At √s = 13 TeV, 
searches reach 
Run-I sensitivity: 

– with ~1 fb−1 of data, 
at M = 3 TeV 

– with ~5 fb−1 of data, 
at M = 1 TeV (most 
of EXO analyses) 

• Criteria used to define EA efforts in EXO: 
– Have sensitivity to BSM physics with 1 fb−1 and need early understanding of 

objects such as high-pT electrons/muons/photons, jets, and MET 
– Attract a lot of attention and require dedicated analysis methods and careful 

organization 

What do we mean by EA in EXO? 

CMS Physics Plenary                                                                                                          S. Valuev 

L = 1 fb−1 L = 5 fb−1 

G. Salam and A. Weiler, from ratio of parton luminosities 
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channels discussed previously is displayed in Figs. 19 and 20 for, respectively, the previous

and the next LHC phases. As can be seen, a vast improvement in the sensitivity is expected

if the H/A! tt̄ channel is included, in particular at the forthcoming LHC run with
p
s = 14

TeV and 300 fb�1 data. The improvement is even more impressive at the high–luminosity

LHC option, when the luminosity is increased to 3000 fb�1; see Fig. 21. In this case, almost

the entire hMSSM parameter space, up to MA values close to ⇡ 1TeV, can be probed.
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Figure 19: Expectations for the 2� sensitivity in the hMSSM [tan�,MA] plane when the searches
for the A/H/H± states in all channels, including the gg ! H/A ! tt process, are combined at the
LHC with

p
s = 8 TeV and 25 fb�1 data.
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Figure 20: The same as in Fig. 19 but at the LHC with
p
s = 14 TeV and 300 fb�1 data.
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LHC option, when the luminosity is increased to 3000 fb�1; see Fig. 21. In this case, almost

the entire hMSSM parameter space, up to MA values close to ⇡ 1TeV, can be probed.
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Figure 19: Expectations for the 2� sensitivity in the hMSSM [tan�,MA] plane when the searches
for the A/H/H± states in all channels, including the gg ! H/A ! tt process, are combined at the
LHC with

p
s = 8 TeV and 25 fb�1 data.
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channels discussed previously is displayed in Figs. 18 and 19 for, respectively, the previous

and the next LHC phases. As can be seen, a vast improvement in the sensitivity is expected

if the H/A! tt̄ channel is included, in particular at the forthcoming LHC run with
p
s = 14

TeV and 300 fb�1 data. The improvement is even more impressive at the high–luminosity

LHC option, when the luminosity is increased to 3000 fb�1; see Fig. 20. In this case, almost

the entire hMSSM parameter space, up to MA values close to ⇡ 1TeV, can be probed.
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Figure 18: Expectations for the 2� sensitivity in the hMSSM [tan�,MA] plane when the searches
for the A/H/H± states in all channels, including the gg ! H/A ! tt process, are combined at the
LHC with

p
s = 8 TeV and 25 fb�1 data.
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Figure 19: The same as in Fig. 19 but at the LHC with
p
s = 14 TeV and 300 fb�1 data.
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and the next LHC phases. As can be seen, a vast improvement in the sensitivity is expected

if the H/A! tt̄ channel is included, in particular at the forthcoming LHC run with
p
s = 14

TeV and 300 fb�1 data. The improvement is even more impressive at the high–luminosity

LHC option, when the luminosity is increased to 3000 fb�1; see Fig. 20. In this case, almost

the entire hMSSM parameter space, up to MA values close to ⇡ 1TeV, can be probed.
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Figure 18: Expectations for the 2� sensitivity in the hMSSM [tan�,MA] plane when the searches
for the A/H/H± states in all channels, including the gg ! H/A ! tt process, are combined at the
LHC with

p
s = 8 TeV and 25 fb�1 data.
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Figure 19: The same as in Fig. 19 but at the LHC with
p
s = 14 TeV and 300 fb�1 data.
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•  Study in the Hjjèτeτµ jj channel with PU=50 
•  Sensitive to MET resolution, jet pT resolution, lepton tracking and isolation 
•  Improved jet and MET resolution allows a 25% improvement on the ττ invariant 

mass resolution   
•  Total efficiency improvement from upgrades: factor 2.5 (4.5% to 11%) 
•  Full improvement from particle flow not yet folded in 
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32 Chapter 2. Design Performance of the Upgraded Detector
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Figure 2.15: Difference between the reconstructed jet pT and generator jet pT divided by the
generator jet pT for selected jets matched to generator jets for the leading jet when there is at
least one selected jet in the event (left) and for the sub-leading jet when there are at least two
selected jets in the event (right). The full width at half-maximum for the Upgrade and Standard
Geometry are 0.40 and 0.47 respectively for the leading jet and 0.47 and 0.73 respectively for
the sub-leading jet. All histograms are normalized to an area of 1.

the absolute difference in pseudorapidity between them is required to be greater than 4.0. The
distribution for these two variables is shown in Fig. 2.16. Figure 2.17 shows the distribution of
the tau-pair invariant mass mtt in the two scenarios after applying the VBF selection. As in the
reference analysis, a maximum likelihood technique [20] is used to reconstruct mtt from the
observed momenta of the visible tau decay products and the reconstructed missing transverse
energy. The improved resolution for missing transverse energy with the Upgrade translates to
a 25% better resolution for mtt.

2.6.1.5 Results

The performance of jet reconstruction and identification is better with the Upgrade, with the
rates for selecting jets from pile-up being significantly lower in the Upgrade scenario. The
selection efficiency for events passing the VBF selection normalized to the inclusive selection
efficiency is found to be 11% in the HCAL Upgrade scenario and 4.6% in the Standard Geom-
etry scenario. The Upgrade thus provides a potential improvement in the efficiency for a VBF
signal by a factor of 2.4.

2.6. Full Analysis Results in Higgs Physics 33
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Figure 2.16: Invariant mass of the two leading jets mjj (left) and difference in pseudorapidity
for the two leading jets |Dhjj| (right) for selected jets matched to generator jets. The jets are
required to be in opposite hemispheres. All histograms are normalized to an area of 1.
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Figure 2.17: Tau-pair invariant mass mtt for events passing the VBF selection. All histograms
are normalized to an area of 1.
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•  Sensitive to improved lepton tracking and isolation efficiency 
•  Significant gain in signal reconstruction efficiency (PU=50 scenario): 41% to 51% 
 

C
ER

N
-L

H
C

C
-2

01
2-

01
6 

48 Chapter 2. Expected Performance & Physics Capabilities

shown by the cut flow charts in Figure 2.36 for the H ! 4µ channel, in Figure 2.37 for the
H ! 4e channel and in Figure 2.38 for the H ! 2e2µ channel.
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Figure 2.36: Cut flow chart for the H ! 4µ channel. The ratio of the numbers of events selected
with the Phase-1 upgrade detector and the ones selected with the current detector is plotted
with PU = 50.

A gain in selection efficiency of ⇠ 41% is obtained in the H ! 4µ channel, of ⇠ 51% in the
H ! 4e channel and of ⇠ 48% in the H ! 2e2µ channel. A summary of efficiencies obtained
in both scenarios (upgrade detector versus current detector) is reported in Table 2.4.

Table 2.4: Efficiencies for the H ! ZZ ! 4l analysis, with the upgrade detector and with the
current detector in the PU � 50 scenario. The efficiency gain is given by the ratio of the two
efficiencies.

Channel Overall Efficiency Efficiency gainPhase 1 Pixels Current Pixels
H ! 4µ (36.0 ± 0.2)% (25.6 ± 0.2)% 1.41
H ! 4e (18.7 ± 0.2)% (12.4 ± 0.1)% 1.51

H ! 2e2µ (25.9 ± 0.1)% (17.5 ± 0.1)% 1.48

The larger number of selected candidates might negatively affect the m4l distribution. This
distribution, in both scenarios (with and without upgrade), is shown in Figure 2.39. However,
the distribution look very much the same in the two cases, despite the much larger number of
candidates selected in the upgrade scenario.
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shown by the cut flow charts in Figure 2.36 for the H ! 4µ channel, in Figure 2.37 for the
H ! 4e channel and in Figure 2.38 for the H ! 2e2µ channel.
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Figure 2.36: Cut flow chart for the H ! 4µ channel. The ratio of the numbers of events selected
with the Phase-1 upgrade detector and the ones selected with the current detector is plotted
with PU = 50.

A gain in selection efficiency of ⇠ 41% is obtained in the H ! 4µ channel, of ⇠ 51% in the
H ! 4e channel and of ⇠ 48% in the H ! 2e2µ channel. A summary of efficiencies obtained
in both scenarios (upgrade detector versus current detector) is reported in Table 2.4.

Table 2.4: Efficiencies for the H ! ZZ ! 4l analysis, with the upgrade detector and with the
current detector in the PU � 50 scenario. The efficiency gain is given by the ratio of the two
efficiencies.

Channel Overall Efficiency Efficiency gainPhase 1 Pixels Current Pixels
H ! 4µ (36.0 ± 0.2)% (25.6 ± 0.2)% 1.41
H ! 4e (18.7 ± 0.2)% (12.4 ± 0.1)% 1.51

H ! 2e2µ (25.9 ± 0.1)% (17.5 ± 0.1)% 1.48

The larger number of selected candidates might negatively affect the m4l distribution. This
distribution, in both scenarios (with and without upgrade), is shown in Figure 2.39. However,
the distribution look very much the same in the two cases, despite the much larger number of
candidates selected in the upgrade scenario.
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Figure 2.37: Cut flow chart for the H ! 4e channel. The ratio of the numbers of events selected
with the Phase-1 upgrade detector and the ones selected with the current detector is plotted
with PU = 50.
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•  Sensitive to lepton tracking, b-tagging and dijet mass resolution 
•  Both channels with 65% gain in signal efficiency (~30% from b-tagging, ~20% 

from lepton tracking) 
•  NB: HLT trigger efficiency not included, using 3 of the 4 hits in upgraded pixel 

could improve also trigger efficiency significantly  2.3. Performance for Physics 43
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Figure 2.28: The ratio Phase-1/current of the number of events left after each cut. Values greater
than 1 show increased efficiency for the Phase-1 upgrade and vice versa. The cuts where the
upgraded detector is expected to excel are highlighted.
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Figure 2.29: The ratio Phase-1/current of the number of events left after each cut in the electron
channel. The cuts where the upgraded detector is expected to excel are highlighted.
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Figure 2.15: Performance of the Combined Secondary Vertex b-tagging algorithm for jets with
pT > 30 GeV in a tt̄ sample with (a) zero pileup, and (b) an average pileup of 50. The perfor-
mance for the current detector are shown by the open points while the solid points are for the
upgrade detector. The triangular points are for c-jets while the circle and square points are for
light quark jets.
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Figure 2.16: Comparison of the performance of the Combined Secondary Vertex b-tagging algo-
rithm for jets with pT > 30 GeV in a tt̄ sample for the Phase 1 upgrade detector with an average
pileup of 50, and for (a) the current pixel detector with zero pileup, (b) the current pixel detec-
tor with an average pileup of 25. The performance for the current detector are shown by the
open points while the solid points are for the upgrade detector. The triangular points are for
c-jets while the circle and square points are for light quark jets.

•  b-jet efficiency 1.3 x better for a 1% light flavour jet rejection, for PU = 50 
•  Detector much more robust to PU: upgrade at 50 PU ~ current at 0 PU 
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Use HCAL/ECAL granularity, 
flexibility and scalability 

•  Improved EM isolation using calo 
energy distributions with PU 
substraction 

•  Improved jet finding with PU 
substraction 

•  Improved hadronic tau id 
•  Improved muons pt resolutions in 

difficult regions 
•  Improved muon isolation using calo 

energy distributions with PU 
substraction 

•  Improved global L1 trigger menu 
with a greater number of triggers 

3.2 Phase 2 Upgrades to the CMS Experiment 11
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Figure 9: Signal efficiency obtained for the current and an upgraded L1 trigger system at L =
2 ⇥ 1034 cm�2s�1 for selected Higgs (top) and SUSY (bottom) channels.

larly severe in the endcap region, where the present calorimeters will suffer radiation damage
and where event pile-up is more pronounced. This region has critical importance in major
parts of the physics program (e.g. vector-boson-fusion Higgs production and vector-boson-
scattering studies). Both the electromagnetic and hadronic endcap calorimeters must be re-
placed. Studies are underway to determine the optimal choice for technology and design. An
option is under consideration to extend tracking beyond h = 2.5 with additional pixel disks to
improve particle flow reconstruction and pile-up mitigation in this region. The use of precision
timing measurement which could be integrated into an electromagnetic preshower detector is
also being investigated. Such a system could provide further pile-up mitigation.

Several Phase 2 upgrade scenarios are under study using both parametrized detector resolu-
tions/responses with which different configurations can be easily compared, and full GEANT
simulations for investigations that require more complex treatment. The result of these studies
will be included along with a description of the design considerations in a Technical Proposal
for the Phase 2 upgrade, anticipated in 2014.

Since the studies to optimize the design choices for Phase 2 are ongoing, it is challenging to ex-
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9

E/� trigger position resolution
 Difference in pseudorapidity for L1 e/� 

candidates with respect to the offline 
reconstructed pseudorapidity

 The distributions of the  upgrade 
trigger (red) are compared with those 
of the Run-1 system (black)

 18fb-1 of 8TeV data from 2012 are used

 Events used are those passing the 
Z ee tag-and-probe selection→

 A geometrical matching between the 
electron supercluster and the L1 
candidate is applied

 Differences between Run-1 trigger and upgrade trigger

↳ The Run-1 trigger uses the granularity of the Regional Calorimeter Trigger (4x4 
trigger towers)

↳ The upgrade trigger uses the granularity of a trigger tower (⇤⇥x⇤⌅ = 0.087x0.087)

12

E/� trigger energy resolution
 Relative difference in transverse 

energy for L1 e/� candidates with 
respect to the offline reconstructed 
transverse energy, in the 
pseudorapidity range 1≤|⇥|<1.25

 The distributions of the  upgrade 
trigger (red) are compared with those 
of the Run-1 system (black)

 18fb-1 of 8TeV data from 2012 are used

 Events used are those passing the 
Z ee tag-and-probe selection→

 A geometrical matching between the 
electron supercluster and the L1 
candidate is applied

 Differences between Run-1 trigger and upgrade trigger

↳ The sharper tun-on curves are directly linked to the better energy resolution

↳ Coming from the dynamic clustering

 
•  Difference in pseudorapidity for L1 e/γ 

candidates with respect to the offline 
reconstructed pseudorapidity. The 
distributions of the upgrade trigger (red) 
are compared with those of the Run-1 
system (black)  

 
•  Differences between Run-1 trigger and 

upgrade trigger 
↳ The Run-1 trigger uses the granularity of 
the Regional Calorimeter Trigger (4x4  
trigger towers) 
↳The upgrade trigger uses the granularity 
of a trigger tower (ΔηxΔφ = 0.087x0.087)  
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•  Difference in pseudorapidity for L1 e/γ 

candidates with respect to the offline 
reconstructed pseudorapidity. The 
distributions of the upgrade trigger (red) 
are compared with those of the Run-1 
system (black)  

 
•  Differences between Run-1 trigger and 

upgrade trigger 
↳ The Run-1 trigger uses the granularity of 
the Regional Calorimeter Trigger (4x4  
trigger towers) 
↳The upgrade trigger uses the granularity 
of a trigger tower (ΔηxΔφ = 0.087x0.087)  
 14

E/� trigger rate
 Fraction of triggered events from 8 TeV 

zero bias data for an average pile-up 
of 45, obtained with the Run-1 (black) 
and the upgrade algorithms (red), 
both with (dashed lines) and without 
(continuous lines) their respective 
isolation requirements

 Each point corresponds to a given L1 
threshold. 

 For each L1 threshold the fraction of 
triggered events is shown (y-axis) as a 
function of the offline pT at which a 

signal efficiency of 95% is reached 
with this threshold (x-axis)

 Improvement of the rate for the upgrade trigger without isolation are due to two things

↳ Use of cluster shapes to discriminate between e/� objects and jets

↳ Sharper turn-on curves, so the L1 thresholds are higher for the same 95% efficiency 
thresholds

 Further rate reduction is possible with the upgrade isolation
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e/γ trigger rates  
zero bias data: 
rates lower for the  
same signal  
efficiency 
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•  Run I algorithm: 
•   granularity is limited to the size of a Regional Calorimeter Trigger (RCT) 

region 4x4 TT in the (η,φ) plane 
•  tau candidates are formed from jets, a simple shape plus isolation 

criteria is applied to “promote” a jet to be a tau candidate 
•  shape veto consists in the check of the TT pattern extension and rejects 

all patterns that extend by more than 2 TT in η or φ 

•  2016 upgrade algorithm: 
•   has access to the single TT granularity i.e. 0.087x0.087 in the (η,φ) 

plane over most of the detector 
•  runs a dedicated algorithm for tau leptons 
•  refined shape veto that takes into account the full cluster shape and not 

its extension only 
•  Isolation threshold is a function of the three variables (Et, PU, η), giving 

a flat efficiency under all PU conditions, over the whole detector and 
over a broad spectrum of hadronic tau energies. PU estimator = number 
of TT with ET > 0 in the 8 central calo rings  
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           L1 tau algorithm upgrade      ——————————————        CMS Collaboration        ————————————

Turn-on: inclusive
• Efficiency is computed as the 

fraction of the offline tau 
candidate for a L1 energy 
threshold of 30 GeV 
‣ 30 GeV is a typical threshold value 

that is applied in di-tau trigger at L1 
(due to rate constraints, see rate 
plots) 

• Inclusive distribution (barrel plus 
endcap) is shown  

• In Run I algorithm, the 
application of shape veto and 
isolation requirements causes 
the large efficiency reduction. 
It is highly inefficient under Run 
II collisions conditions  

• 2016 upgrade shape veto hasn’t 
a large impact on the turn-on 
curve shape and sharpness
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•  Optimized configuration for 4-hit coverage up to 
η=2.5, with 4 layers in the barrel and 3 disks in the 
endcaps 

•  New readout chip with high hit rate capability 
•  Reduced material budget, new optical links and DAQ 

system, higher output bandwidth 
•  Improves tracking efficiencies, reduces fake rates 
•  Improves track impact parameter resolution and 

primary vertex position resolutions and thus b-tagging 
capabilities  

è No degradation with higher pileup, and in several 
cases improvements of physics performances for 

Run III, for tracking and b-tagging 

3.1 Phase 1 Upgrades to the CMS Experiment 5

Figure 2: Left: Conceptual layout comparing the different layers and disks in the current and
upgrade pixel detectors. Right: Transverse-oblique view comparing the pixel barrel layers in
the two detectors.

closer to the interaction point, by 14 mm, at a radius of 30 mm; this will improve the track
impact parameter (IP) resolution. The radius of the outermost layer, now the fourth layer, in-
creases to 160 mm, closer to the Tracker Inner Barrel (TIB) layers; this will reduce the rate of fake
tracks and mitigate future inefficiencies in the TIB. The new detector will have ⇠123M pixels,
almost twice the present system.

The performance of the proposed upgrades to the pixel detector has been studied with a full
GEANT simulation of the CMS detector, using complete descriptions of the detector and beam
pipe geometries and materials. Both the present and new detectors have been simulated, in-
cluding emulation of the ROC signal thresholds and data loss. In these studies, CMS track
reconstruction has not been re-optimized for the new detector nor have the track selection and
the algorithm used for the b-tagging been tuned to the upgrade conditions. The performance
presented for the new pixel detector is therefore likely conservative. Studies have been per-
formed for luminosities of 1034 cm�2 s�1 with 25 ns bunch spacing, used as a reference for
the present detector, 2x1034 cm�2 s�1 with a 25 ns bunch spacing (pile-up of 50) and for the
extreme case of a 100 pile-up corresponding to a 50 ns bunch spacing at the same luminosity.
The performance comparison of the current and new detectors is presented in Fig. 3. It shows
the average efficiency and average rate of fake tracks. Major improvements in the track recon-
struction efficiency are achieved with the new design, resulting from the increased number of
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Figure 3: Average tracking efficiencies (a) and fake rates (b) as a function of pile-up for the tt̄
event selection.
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layers (disks) and the mitigation of the ROC data loss.

Another benefit with the new detector is improved resolution on measurements of the trans-
verse and longitudinal components of the track impact parameter (IP), and of the primary
vertex position. These resolutions are key elements in b-tagging efficiency. The improvements
result from the increase in the number of space points, the lower radius of the first layer, the
lower ROC data loss and signal thresholds and the reduced detector mass. Expected IP resolu-
tions estimated with simulated muon tracks in different pile-up conditions are shown in Fig. 4.
The expected primary-vertex resolution is estimated using the tt̄ event sample. It is presented
in Fig. 5 for different pile-up conditions. The b-tagging performance of the new pixel detec-
tor has been studied for the ”Combined Secondary Vertex” (CSV) algorithm with the tt̄ event
sample. The CSV is a multivariate method using both track IPs and secondary vertex recon-
struction. Fig. 6 shows the fraction of c jets or light-quark jets (u,d,s) misidentified as b jets as
a function of the efficiency to tag the true b jets. Figure 7 shows this efficiency as a function of
pile-up for typical mis-tagging fractions.
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Figure 4: Transverse IP resolution for muon tracks as a function of momentum for different
pseudorapidity regions. The current and new detectors arerepresented with black dots and red
triangles, respectively.

The results of these studies indicate that while performance would be seriously compromised
without the proposed upgrade, with the new detector there is no degradation, and in several
cases significant improvement, to the performance of the reconstruction of the objects that are
relevant for physics. These studies give us confidence in the validity (as concerns tracking and
b-tag performance) of the extrapolations to 300 fb�1 of physics results presented in this report.

3.1.2 Hadron Calorimeter Upgrade

The CMS hadron calorimetry system (HCAL) has four major sections: the HCAL Barrel (HB),
HCAL Endcap (HE), HCAL Outer (HO), and HCAL Forward (HF). The HCAL upgrade takes
advantage of new technologies that have become available since the design and construction
of the original calorimeters and improves the performance of the calorimeters as built, primar-
ily through the replacement of the phototransducers and electronics. It will also address and
mitigate weaknesses that have been identified in the current systems.

The upgrades of the HF and HB/HE systems are based on the replacement of the phototrans-
ducers for these calorimeters. For the HF, the current single-anode PMTs will be replaced by
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closer to the interaction point, by 14 mm, at a radius of 30 mm; this will improve the track
impact parameter (IP) resolution. The radius of the outermost layer, now the fourth layer, in-
creases to 160 mm, closer to the Tracker Inner Barrel (TIB) layers; this will reduce the rate of fake
tracks and mitigate future inefficiencies in the TIB. The new detector will have ⇠123M pixels,
almost twice the present system.

The performance of the proposed upgrades to the pixel detector has been studied with a full
GEANT simulation of the CMS detector, using complete descriptions of the detector and beam
pipe geometries and materials. Both the present and new detectors have been simulated, in-
cluding emulation of the ROC signal thresholds and data loss. In these studies, CMS track
reconstruction has not been re-optimized for the new detector nor have the track selection and
the algorithm used for the b-tagging been tuned to the upgrade conditions. The performance
presented for the new pixel detector is therefore likely conservative. Studies have been per-
formed for luminosities of 1034 cm�2 s�1 with 25 ns bunch spacing, used as a reference for
the present detector, 2x1034 cm�2 s�1 with a 25 ns bunch spacing (pile-up of 50) and for the
extreme case of a 100 pile-up corresponding to a 50 ns bunch spacing at the same luminosity.
The performance comparison of the current and new detectors is presented in Fig. 3. It shows
the average efficiency and average rate of fake tracks. Major improvements in the track recon-
struction efficiency are achieved with the new design, resulting from the increased number of

Average Pileup
0 20 40 60 80 100

Av
er

ag
e 

Tr
ac

ki
ng

 E
ffi

ci
en

cy
 (%

)

30

40

50

60

70

80

90

100

Current Pixel Detector

Upgrade Pixel Detector

(a)

Average Pileup
0 20 40 60 80 100

Av
er

ag
e 

Tr
ac

k 
Fa

ke
 R

at
e 

(%
)

0

5

10

15

20

25

Current Pixel Detector

Upgrade Pixel Detector

(b)

Figure 3: Average tracking efficiencies (a) and fake rates (b) as a function of pile-up for the tt̄
event selection.



New calorimeter reconstruction to mitigate out of time PU with 25 ns bunch spacing 
Run I: 
•  Amplitude linear combination of the 10 samples Si 

•  wi calculated minimizing the variance A 
Run II: 40 PU instead of 20, bunch spacing of 25 ns instead of 50ns 
•  Multi-fit algorithm: in-time signal amplitude and up to 
 9 out-of-time amplitudes by minimization of the χ2 

where Aj are the amplitudes, pij are the pulses (all identical, 
 shifted by 25ns), σSi is the noise covariance matrix.  
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Run I success

 Excellent energy resolution and electron/photon energy scale              

  calibration ([1],[2]), essential for:

 → Higgs boson discovery

 → Characterization of the Higgs properties

                     → Achieve similar results in Run II

Run I success

 Excellent energy resolution and electron/photon energy scale              

  calibration ([1],[2]), essential for:

 → Higgs boson discovery

 → Characterization of the Higgs properties

                     → Achieve similar results in Run II

Precision electromagnetic calorimetry at the energy frontier: Precision electromagnetic calorimetry at the energy frontier: 

The CMS ECAL at the LHC Run 2The CMS ECAL at the LHC Run 2

Badder Marzocchi
Universita' di Milano Bicocca 

& INFN - Sezione di Milano Bicocca

on behalf of the CMS collaboration

ECAL

European Physical Society Conference on High Energy Physics, European Physical Society Conference on High Energy Physics, 

EPS-HEP 2015, Vienna 22-29 JulyEPS-HEP 2015, Vienna 22-29 July

A  Dee from ECAL endcap

A PbWO4 barrel crystalA  module from ECAL barrel

APD

VPT

A PbWO4 endcap crystal

Energy calibration [3]Energy calibration [3]

Response Evolution

 

Response Evolution

 
Laser system is used to monitor the 

transmission loss and the variation of the  

photodetectors response

The response loss in the endcaps is a convolution 

of transparency losses and VPT “conditioning”. 

The latter exhibits very little recovery

Radiation damage creates clusters of defects

which cause light transmission loss

Damage from g radiation is recovered

Hadron damage is permanent and cumulative

The response change observed in the ECAL  

channels is up to 6% in the barrel and it 

reaches up to 30% at η ~ 2.5

The response change is up to 70% in the 

region closest to the beam pipe

The recovery of the crystal response during 

the Long-Shutdown-1 period is visible

The response is not fully recovered, particularly 

in the region closest to the beam pipe

ECAL energy reconstructionECAL energy reconstruction

 ES energy Time-dependent

corrections

 intercalibration ADC to GeV Cluster corrections

ECAL DetectorECAL Detector

Scintillating crystals:
  Radiation hardness → only transparency affected

  Fast scintillation → <100 ns

Structure and readout:
  Barrel  (EB)    →         |h|<1.48      →  Avalanche Photodiodes (APD)

  Endcap  (EE)  →  1.48 < |h|< 3.00 →  Vacuum Phototriodes (VPT)

 Transparency loss corrected by the laser system:   

 Crystal by crystal intercalibration due to different light-yield and photodetector response, 

  through dedicated data streams:

    →Φ-symmetry: equalization of the average energy in channels located at a constant value of η. 

          Accuracy  limited to few percent  by systematic uncertainties in the  distribution of material in 

          front of the ECAL.

      →π0/η mass: iterative method exploiting the invariant mass reconstructed from unconverted 

          photons arising from the decays of π
0
 and η. A precision 0.5% in the central barrel  (dominated 

          by the systematics) is foreseen for the Run II.

      →E/p: iterative method, comparison of the ECAL energy  to the tracker momentum 

          for isolated electrons. In central barrel the precision reaches the systematic limit of 0.5%, while 

          for |η| > 1 the statistical contribution was the limiting factor for Run I.

      →Zee:  in Run II the Z  e→ +
 e

−
 decays will be also exploited to provide per-crystal intercalibration 

          constants by employing an invariant mass constraint on the di-electrons.   

The overall scale G: set, separately for EB and EE, such that the reconstructed Z peak in data matches that in the Monte Carlo.

Cluster corrections: clustering algorithms are used to collect the energy deposits, including the contributions from the radiated 

energy and its correlation in the η − φ. F
e,γ

 is particle dependent correction applied to the clustered energy
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      →π0/η mass: iterative method exploiting the invariant mass reconstructed from unconverted 
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0
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          constants by employing an invariant mass constraint on the di-electrons.   

The overall scale G: set, separately for EB and EE, such that the reconstructed Z peak in data matches that in the Monte Carlo.
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Summing particle energy in random cones in φ across η  
Indicator of the PU energy to be subtracted for a given cone 
 
New reconstruction: bunch spacing independent  
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Out of Time PU mitigation in Calorimeters
● Summing particle energy in 

random cones in φ across η

● Indicator of the PU energy to be 
subtracted for a given cone

● New reconstruction: bunch 
spacing independent 
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A$new$MVA$based$tau$ID$discriminator$has$been$trained.$The$MVA$uses$as$
input$informaJon$on$tau$isolaJon$and$on$tau$lifeJme$*.$It$reduces$the$$
jet$$tau$fakeDrate$by$40D50%$compared$to$cutDbased$tau$ID$discriminators$$
and$is$foreseen$to$be$used$in$future$CMS$data$analyses.$

*$transverse$impact$parameter$(1Dprongs$and$3Dprongs)$$
$and$reconstructed$tau$decay$vertex$(3Dprongs$only)$ 4 

CMS$Tau$ID$Performance 
•  Cut-based tau ID:2011: 8 hits, 2012: 3 hits 
Tau isolation computed by summing momenta  
of particles within cone of size dR = 0.5  
around tau direction 
Iso = Σ PTh±(dZ < 2mm) + PTγ + δβ  
δβ correction compensates for pile-up effects, using 
as input charged particles associated to PU vertices:  
Δβ = 0.4576�Σ PTh±(dZ > 2mm)  
•  New tau ID: MVA based 
Tau isolation + tau lifetime (transverse impact 
parameter (1 prongs, 3 prongs) and reconstructed tau 
vertex position (3 prongs only) 
 
 

•  Reduces fake rates by 40 to 50% for same efficiency 
•  Improves signal efficiency by ~20% for same fake rates 

The$“Hadron$+$Strips”$Algorithm 

single$
Hadron$

Hadron$+$Strip$ Three$Hadrons$

τD$$πD$π0$ν$τD$$πD$ν$
τD$$πD$π0$π0$ν$

τD$$πD$π+$πD$ν$

Individual$hadronic$tau$decay$modes$reconstructed$using$$
charged$hadrons$+$photons$reconstructed$by$ParJcle$Flow$[1]$as$input:$

The$photons$are$reconstructed$in$strips$of$size$0.05$x$0.20$(in$η$x$φ).$
The$size$of$the$strips$is$enlarged$in$φ$direcJon$in$order$to$include$electrons/$
photons$from$photon$conversion/Bremsstrahlung$processes$into$the$strips.$

2 
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Figure 4: Left: 95% CL Upper limits by category for the LFV H ! µt decays. Right: best fit
branching fractions by category.
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Figure 5: Left: Distribution of Mcol for all categories combined, with each category weighted
by significance (S/(S + B)). The significance is computed for the integral of the bins in the
range 100 < Mcol < 150 GeV using B(H ! µt) = 0.84%. The MC Higgs signal shown
is for B(H ! µt) = 0.84%. The bottom panel shows the fractional difference between the
observed data and the fitted background. Right: background subtracted Mcol distribution for
all categories combined.

•  Sensitivity an order of magnitude better than existing indirect limits 
•  Slight excess with a significance of 2.4σ, with p-value at 125 GeV: 0.010 
•  Best fit branching fraction: B(H → µτ) = (0.84+0.39

-0.37)% 
•  95% CL limits:  

•  B(H → µτ) <1.51% 
•  µ-τ Yukawa couplings to be < 3.6 × 10−3.  

ATLAS: 
Best fit BR: 0.77 +/- 0.62 % 
Limit: 1.85 % @ 95% CL (1.24% exp.) 


