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LHC …
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LHC …
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…inscribed in Boulevards des Maréchaux
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The CMS detector

6



Roberto Salerno (LLR) - LPNHE seminar - Paris  - 09/07/2015

The CMS detector

All silicon tracker 
(Pixels- Microstrips)

Lead tungstate E/M 
Calorimeter (ECAL)

3.8T Superconducting 
Solenoid

Redundant Muon System 
(RPCs, Drift Tubes, CCS)

Hermetic (|η|<5.2)  
Hadron Calorimeter (HCAL)
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Total weight 1.4x

Overall length 28.7 m
Overall diameter 15 m
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Decay of the SM Higgs

Higgs decay width and branching fractions within the SM
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SM predictions for relevant mH = 126 GeV branching ratios have typical uncertainties of ≈ 5%

Highly correlated since driven by error on H→b̄b partial width and hence Γtot

The Rise and Fall of SM Higgs boson(*)

Process Branching ratio

H → bb 5.77 x 10-1

H → cc 2.91 x 10-2

H → ττ 6.32 x 10-2

H → μμ 2.20 x 10-4

H → gg 8.57 x 10-2

H → γγ 2.28 x 10-3

H → Zγ 1.54 x 10-3

H → WW 2.15 x 10-1

H → ZZ 2.64 x 10-2

ΓH [GeV] 4.07 x 10-3

Decay branching ratio

h125

Process Cross Section (pb)

gg 19.5 (±14%)

VBF 1.6 (±3%)

WH 0.70 (±4%)

ZH 0.39 (±5%)

ttH 0.13 (±17%)

 Production cross section at 8 TeV 

>20K Higgs/fb
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(* Credit D. Bowie
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The exclusion
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114.4–127 GeV  
Allowed mH range  

for the SM Higgs boson

5 fb-1 at 7 TeV

“... a definitive statement on the existence or non-existence of the 
Higgs will require more data, and is not likely until later in 2012...”

3.1σ max significance in  
non-excluded region ~125 GeV
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The “Higgs-dependence” day

Observation  of  a  new  boson The white paper

Local significance of excess 5σ 
Signal strength σ/σSM  = 0.80 ± 0.20 

mH = 125.3 ± 0.4(stat.) ± 0.5(syst.) 

10

5 fb-1 at 7 TeV
5 fb-1 at 8 TeV
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Combined  obs.
Exp. for SM H

γγ →H 
 ZZ→H 
 WW→H 
ττ →H 

 bb→H 

Combined  obs.
Exp. for SM H

γγ →H 
 ZZ→H 
 WW→H 
ττ →H 

 bb→H 

CMS -1 = 8 TeV, L = 5.3 fbs  -1 = 7 TeV, L = 5.1 fbs

> 4500 citations… 
…and counting 
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Birth of “a Higgs Boson” 
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5 fb-1 at 7 TeV
20 fb-1 at 8 TeV
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Mass: a massive problem
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In the SM the Higgs sector is determined by a single parameter mH

 [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 

Once mH is fixed the Higgs couplings are determined  
(given the known particle masses OR within the precision of known particle masses) 

0.2% precision, stat. uncertainty dominates overall, 
syst. uncertainty has big energy scale contribution (can be improved) 

Among the most precise parameters of the EWK fit

5 fb-1 at 7 TeV
20 fb-1 at 8 TeV
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The big picture 
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ggH VBF VH ttH
Observed (Expected) 

Significance  σm/m 

H→ZZ ✔ ✔ ✔ 6.5 (6.3) σ  1-2%

H→WW ✔ ✔ ✔ ✔ 4.7 (5.4) σ 15%

H→𝛾𝛾 ✔ ✔ ✔ ✔ 5.6 (5.3) σ 1-2%

H→𝜏𝜏 ✔ ✔ ✔ ✔ 3.8 (3.9) σ 10-20%

H→bb ✔ ✔ ✔ 2.0 (2.6) σ 10%

H→Z𝛾 ✔ <0.1 (0.4) σ 1-2%

H→μμ ✔ ✔ -

H→invisible ✔ ✔ -

Productions

D
ec

ay
s
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Characterising the Higgs boson

15

Properties of the Higgs boson can be inferred correlating the event rates 
measured in all the channels

Simplest model: one overall signal strength

CERN-LHC Seminar 27/01/15 P. Musella - HIggs Mass and Couplings from CMS 32

Grouped by target decay mode

 Check consistency of different channels with SM 
hypotesis.

 Grouping channels
by decay mode yields
very good 
compatibility with SM
Higgs predictions.

μ̂=1.00−0.13

+0.14 [±0.09(stat )−0.07

+0.08 (theo)±0.07(syst )]
CERN-LHC Seminar 27/01/15 P. Musella - HIggs Mass and Couplings from CMS 30

Characterizing the Higgs boson

 Properties of the Higgs boson can be inferred
correlating the event rates measured in all the channels.

Ncat = μcat⋅∑p ,d [(ε⋅A )pd
ch ⋅ σ p

SM⋅BRd
SM⋅L ] + Bkgch

q(μ) = −ln [L(data∣μ ; θ̂μ)

L(data∣μ̂ ; θ̂) ]

Measured

Predicted

“Signal strength”

Statistical modelInference

Estimated

x

Measured Estimated Predicted 

“Signal strength” 
inferred via a statistical model 

CERN-LHC Seminar 27/01/15 P. Musella - HIggs Mass and Couplings from CMS 30

Characterizing the Higgs boson

 Properties of the Higgs boson can be inferred
correlating the event rates measured in all the channels.

Ncat = μcat⋅∑p ,d [(ε⋅A )pd
ch ⋅ σ p

SM⋅BRd
SM⋅L ] + Bkgch

q(μ) = −ln [L(data∣μ ; θ̂μ)

L(data∣μ̂ ; θ̂) ]

Measured

Predicted

“Signal strength”

Statistical modelInference

Estimated

PRL 114 (2015) 191803
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Grouping channels….
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SMσ/σBest fit 
0 1 2 3 4

 0.99± = 2.75 µ       
ttH tagged

 0.35± = 0.83 µ       
VH tagged

 0.27± = 1.15 µ       
VBF tagged

 0.16± = 0.87 µ       
Untagged

 0.14± = 1.00 µ       
Combined CMS

 (7 TeV)-1 (8 TeV) +  5.1 fb-119.7 fb
 = 125 GeVH m

 = 0.24
SM

p

SMσ/σBest fit 
0 0.5 1 1.5 2

 0.44± = 0.84 µ       
 bb tagged→H 

 0.28± = 0.91 µ       
 taggedττ →H 

 0.21± = 0.83 µ       
 WW tagged→H 

 0.29± = 1.00 µ       
 ZZ tagged→H 

 0.24± = 1.12 µ       
 taggedγγ →H 

 0.14± = 1.00 µ       
Combined CMS

 (7 TeV)-1 (8 TeV) +  5.1 fb-119.7 fb
 = 125 GeVH m

 = 0.96
SM

p

…by decay mode …by production mechanism

Signal strength for ttH tagged channels ~2σ higher than SM prediction  
Mostly driven by excess in same-sign di-lepton channel

I KEEP AN EYE ON YOU!!!

PRL 114 (2015) 191803
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From signal strengths to coupling modifiers

17

Simplest parametrization of Higgs-couplings deviations from SM values 

The signals observed in the different channels originate from a single 
narrow resonance 
Zero-width approximation for the state  
The tensor structure of the couplings is assumed to be the same as in the 
SM prediction (pure CP-even state)

(σ x BR)(ii→H→ff ) = σSM(ii→H) x BRSM (H→ff) xki
2kf2 
kH2

tested scaling factors

 Scaling coupling thorough loop defined either:  
     as function of scale factors for the fields in the loop (resolved at NLO accuracy)  
     as additional free parameter 

 Parametrise μ's in terms of k's  

Assumptions
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…models, models, models…
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Parameter value
0 0.5 1 1.5 2 2.5

- 0.16
+0.17 = 0.98γκ

- 0.13
+0.15 = 0.75gκ

- 0.32
+0.34 = 1.60tκ

- 0.18
+0.18 = 0.82τκ

- 0.29
+0.28 = 0.64bκ

- 0.15
+0.14 = 0.96Vκ

68% CL
95% CL

CMS
 (7 TeV)-1 (8 TeV) +  5.1 fb-119.7 fb

68% CL
95% CL

Parameter value
0 0.5 1 1.5 2 2.5

 < 0.14BSMBR
- 0.13
+0.12 = 1.14γκ

- 0.10
+0.11 = 0.89gκ

- 0.21
+0.23 = 1.03lqλ

- 0.18
+0.19 = 0.99duλ

- 0.13
+0.14 = 0.87fκ

- 0.07
+0.07 = 1.01Vκ

- 0.12
+0.14 = 0.92WZλ

68% CL
95% CL

CMS
 (7 TeV)-1 (8 TeV) +  5.1 fb-119.7 fb

68% CL
95% CL

 Custodial Symmetry  
 Fermion and vector boson couplings 
 Asymmetries in couplings to fermions 
 Search for BSM Physics in Loops and Decays  
 BSM in loops: gluons and photons.  
 Extra width: BRBSM 
 Generic search for deviations  

PRL 114 (2015) 191803
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Combined ZZ observed
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Off-shell width measurement

19

The idea 
Off-shell production sizeable at high mass  
   About 7.6% of total cross-section, but can be  
   enhanced  by experimental cuts 

Γ < 22 (33) MeV  
Γ = 1.8+7.7

-1.8 MeV 

1

The discovery of a new boson consistent with the standard model (SM) Higgs boson by the AT-
LAS and CMS Collaborations was recently reported [1–3]. The mass of the new boson (mH) was
measured to be near 125 GeV, and the spin-parity properties were further studied by both ex-
periments, favouring the scalar, JPC = 0++, hypothesis [4–7]. The measurements were found to
be consistent with a single narrow resonance, and an upper limit of 3.4 GeV at a 95% confidence
level (CL) on its decay width (GH) was reported by the CMS experiment in the four-lepton de-
cay channel [7]. A direct width measurement at the resonance peak is limited by experimental
resolution, and is only sensitive to values far larger than the expected width of around 4 MeV
for the SM Higgs boson [8, 9].

It was recently proposed [10] to constrain the Higgs boson width using its off-shell production
and decay to two Z bosons away from the resonance peak [11]. In the dominant gluon fu-
sion production mode the off-shell production cross section is known to be sizable. This arises
from an enhancement in the decay amplitude from the vicinity of the Z-boson pair produc-
tion threshold. A further enhancement comes, in gluon fusion production, from the top-quark
pair production threshold. The zero-width approximation is inadequate and the ratio of the
off-shell cross section above 2mZ to the on-shell signal is of the order of 8% [11, 12]. Further
developments to the measurement of the Higgs boson width were proposed in Refs. [13, 14].

The gluon fusion production cross section depends on GH through the Higgs boson propagator

dsgg!H!ZZ

dm2
ZZ

⇠
g2

ggHg2
HZZ

(m2
ZZ � m2

H)
2 + m2

HG2
H

, (1)

where gggH and gHZZ are the couplings of the Higgs boson to gluons and Z bosons, respectively.
Integrating either in a small region around mH, or above the mass threshold mZZ > 2mZ, where
(mZZ � mH) � GH, the cross sections are, respectively,

son-shell
gg!H!ZZ⇤ ⇠

g2
ggHg2

HZZ

mHGH
and soff-shell

gg!H⇤!ZZ ⇠
g2

ggHg2
HZZ

(2mZ)2 . (2)

From Eq. (2), it is clear that a measurement of the relative off-shell and on-shell production in
the H ! ZZ channel provides direct information on GH, as long as the coupling ratios remain
unchanged, i.e. the gluon fusion production is dominated by the top-quark loop and there are
no new particles contributing. In particular, the on-shell production cross section is unchanged
under a common scaling of the squared product of the couplings and of the total width GH,
while the off-shell production cross section increases linearly with this scaling factor.

The dominant contribution for the production of a pair of Z bosons comes from the quark-
initiated process, qq ! ZZ, the diagram for which is displayed in Fig. 1(left). The gluon-
induced diboson production involves the gg ! ZZ continuum background production from
the box diagrams, as illustrated in Fig. 1(center). An example of the signal production diagram
is shown in Fig. 1(right). The interference between the two gluon-induced contributions is
significant at high mZZ [15], and is taken into account in the analysis of the off-shell signal.

Vector boson fusion (VBF) production, which contributes at the level of about 7% to the on-
shell cross section, is expected to increase above 2mZ. The above formalism describing the
ratio of off-shell and on-shell cross sections is applicable to the VBF production mode. In this
analysis we constrain the fraction of VBF production using the properties of the events in the
on-shell region. The other main Higgs boson production mechanisms, ttH and VH (V=Z,W),
which contribute at the level of about 5% to the on-shell signal, are not expected to produce a
significant off-shell contribution as they are suppressed at high mass [8, 9]. They are therefore
neglected in the off-shell analysis.
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On-shell / Off-shell productions comparison 
constraints the width

FIG. 4: Overall picture at 8 TeV, (colour online). In this and the following figure the CMS cuts described
in the text have been imposed, but the constraint m4ℓ > 100 GeV has been removed to extend the range of
the plot.

m4ℓ < 130 GeV m4ℓ > 130 GeV m4ℓ > 300 GeV
Energy σH

peak σH
off σI

off σqg,int
off σH

off σI
off σqg,int

off

7 TeV 0.203 0.044 -0.086 0.0091 0.034 -0.050 0.0023
8 TeV 0.255 0.061 -0.118 0.011 0.049 -0.071 0.0029

TABLE III: Fiducial cross sections for pp → H → ZZ → e−e+µ−µ+ in fb. All cross-sections are computed
with leading order MSTW 2008 parton distribution functions [38] and renormalization and factorization
scales set equal to mH/2.

of the gg interference contribution, despite using what we believe to be identical input parameters.
The results of ref. [8] were obtained using the code gg2VV [9].

We believe that the cause of the discrepancy is a cut of pZT > 7 GeV imposed in the double
precision version of gg2VV for the continuum process, but not on the Higgs signal process. The
interference contribution is obtained by forming the combination (c.f. Eq. (38)),

σI = |MH +MC |2 − |MC |2 − |MH |2 . (39)

The pT cut is performed on the first two terms on the right hand side of Eq. (39) but not on the
third. The cut on the amplitudes that involve the continuum background in the gg2VV code is
presumably performed for reasons of numerical stability.

We shall now discuss the treatment of the region of low pT of the Z-boson in our code, and
illustrate the importance of low pT . In Fig. 7 we first demonstrate the impact of the spurious 1/pT
singularities that appear in the amplitudes. The figures show the calculation of the gg → ZZ cross

13

CAVEAT:  assuming same off-shell/on-shell couplings,  
i.e. no BSM particles in the off-shell loop

PLB 736 (2014) 64
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Spin/Parity

20

Kinematics of the production and decay are sensitive to spin-parity

For example  in H→ZZ→4l to characterize the kinematics of the 
2→4 process are used in a kinematical discriminant 

• 5 non-trivial angles 
         production angles (θ* ɸ) 
           helicity angles, independent of production (θ1 θ2 ɸ1) 

• the invariant masses of the two-fermion final states (m1ll m2ll) 

)
VV aiφ

 c
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2a γZ
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2a γγ
3a 1Λ 2a 3aBest fit & 68% CL

Excluded at 95% CL
Expected at 95% CL
Expected at 68% CL

CMS  (7 TeV)-1 (8 TeV) + 5.1 fb-119.7 fb

Anomalous CP couplings on Spin-0 

 arXiv:1411.3441 
Accepted by PRD
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BSM Higgs searches 

21

The properties of Higgs boson at the current level of precision appear to be in 
accord with the SM… but … 
       the detailed structure of the Higgs sector is still unclear  
        the SM cannot be a final theory 

Exotic Higgs decays 
      Search for lepton flavour violating decays of Higgs boson 
      Search for exotic decays of a Higgs boson into undetectable particles and photons 

Low mass Higgs 
     Search for pair production of new light bosons decaying into muons 

High mass Higgs 
      Search for pseudoscalar A boson decaying into a Z boson and H125 boson  
      Search for scalar boson decaying into a VV bosons 

Invisible Higgs decays 

Beyond the SM (2HDM, MSSM/NMSSM) might hold the answer
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Lepton Flavour Violating: H→µ𝛕

22

Lepton Flavour Violating (LFV) decays are not allowed in SM 
     exception can occur in case it is a theory valid only to a finite mass scale 
     LFV decays can occur in 2-Higgs Doublet Models (2HDM), and others… 

|   
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-410 -310 -210 -110 1

|  
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B
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B
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B
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ττ→ATLAS H
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τµ→H

µ 3→τ

γ µ →τ

2/vτ
mµ

|=m
µτ

Yτµ
|Y

), %τµ→Best fit to B(H
-1.5 -1 -0.5 0 0.5 1 1.5 2 2.5

 %-0.37
+0.390.84  
τµ→H

 %-0.93
+1.161.48  

, 2 Jets
h
τµ

 %-1.09
+1.030.21  

, 1 Jet
h
τµ

 %-1.22
+1.200.41  

, 0 Jets
h
τµ

 %-0.97
+1.580.05  

, 2 Jetseτµ

 %-0.78
+0.850.81  

, 1 Jeteτµ
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Slight excess of signal events with a significance of 2.5σ is observed in 8 TeV data
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Search of light Higgs boson h→4µ model independent search motivated 
by several models beyond SM

Benchmark 1 
NMSSM h1,2→2a1→4µ 

Minimal extension of the MSSM adding a scalar 
singlet to 2HDM

Benchmark 2 
Dark SUSY h→2n1→2nD+2γD→4µ  

 able to explain the positron excess in cosmic  
rays observed by PAMELA, Fermi
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In addition to the SM Higgs scalar doublet, a second 
one is added to these models, giving rise to five 
physical states, the model is described in terms of free 
parameters tanβ and cos(β-α)

Type I Type II

Ku sinα/sinβ sinα/sinβ
Kd sinα/sinβ cosα/cosβ
Kf sinα/sinβ cosα/cosβ
KV cos(β-α) cos(β-α)
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High mass Higgs: VV resonances 
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Assuming SM couplings and decays:  
95% C.L. exclusion in the 145 GeV < mH < 1 TeV range 
Also interpreted as bounds on EW singlet parameters
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A search for invisible decays of Higgs bosons is performed using the vector 
boson fusion and associated ZH production modes
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!LV = 1
2

m2
V VµV µ + 1

4
λV

(
VµV µ)2 + 1

4
λhVV H† H VµV µ,

!L f = −1
2

m f χ̄χ − 1
4

λhff

Λ
H† Hχ̄χ . (1)

Although in the fermionic case above the Higgs–DM coupling is
not renormalizable, we still include it for completeness. The self-
interaction terms S4 in the scalar case and the (VµV µ)2 term in
the vector case are not essential for our discussion and we will
ignore them. After electroweak symmetry breaking, the neutral
component of the doublet field H is shifted to H0 → v + h/

√
2

with v = 174 GeV and the physical masses of the DM particles
will be given by

M2
S = m2

S + 1
2
λhSS v2,

M2
V = m2

V + 1
2
λhVV v2,

M f = m f + 1
2

λhff

Λ
v2. (2)

In what follows, we summarize the most important formulas
relevant to our study. Related ideas and analyses can be found in
[6–9] and more recent studies of Higgs-portal scenarios have ap-
peared in [10,11].

The relic abundance of the DM particles is obtained through
the s-channel annihilation via the exchange of the Higgs boson.
For instance, the annihilation cross section into light fermions of
mass mferm is given by

〈
σ S

ferm v
〉
= λ2

hSSm2
ferm

16π

1

(4M2
S − m2

h)2
,

〈
σ V

ferm v
〉
= λ2

hVVm2
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48π
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h)2
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〈
σ f

ferm v
〉
=

λ2
hff m2
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16π
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f

Λ2

1

(4M2
f − m2

h)2
, (3)

where v is the DM relative velocity. The cross section for Majorana
fermion annihilation was computed in [12] in a similar framework.
We should note that in our numerical analysis, we take into ac-
count the full set of relevant diagrams and channels, and we have
adapted the program micrOMEGAs [13] to calculate the relic DM
density.

The properties of the dark matter particles can be studied in
direct detection experiments. The DM interacts elastically with nu-
clei through the Higgs boson exchange. The resulting nuclear recoil
is then interpreted in terms of the DM mass and DM–nucleon cross
section. The spin-independent DM–nucleon interaction can be ex-
pressed as [4]

σ S I
S−N = λ2

hSS

16πm4
h

m4
N f 2

N

(M S + mN)2 ,

σ S I
V −N = λ2

hVV

16πm4
h

m4
N f 2

N
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σ S I
f −N =

λ2
hff

4πΛ2m4
h

m4
N M2

f f 2
N

(M f + mN)2 , (4)

where mN is the nucleon mass and f N parameterizes the Higgs–
nucleon coupling. The latter subsumes contributions of the light
quarks ( f L) and heavy quarks ( f H ), f N = ∑

f L + 3 × 2
27 f H . There

exist different estimations of this factor and in what follows we
will use the lattice result f N = 0.326 [14] as well as the MILC re-
sults [15] which provide the minimal value f N = 0.260 and the

maximal value f N = 0.629. We note that the most recent lattice
evaluation of the strangeness content of the nucleon [16] favors
f N values closer to the lower end of the above range. In our nu-
merical analysis, we have taken into account these lattice results,
which appear more reliable than those extracted from the pion–
nucleon cross section.

If the DM particles are light enough, MDM ! 1
2 mh , they will ap-

pear as invisible decay products of the Higgs boson. For the various
cases, the Higgs partial decay widths into invisible DM particles are
given by

Γ inv
h→S S = λ2

hSS v2βS

64πmh
,

Γ inv
h→V V = λ2

hVV v2m3
hβV

256π M4
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(
1 − 4
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+ 12
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m4
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)
,

Γ inv
h→χχ =

λ2
hff v2mhβ

3
f

32πΛ2 , (5)

where βX =
√

1 − 4M2
X/m2

h . We have adapted the program HDE-
CAY [17] which calculates all Higgs decay widths and branching
ratios to include invisible decays.

3. Astrophysical consequences

The first aim of our study is to derive constraints on the various
DM particles from the WMAP satellite [18] and from the current
direct detection experiment XENON100 [19], and to make predic-
tions for future upgrades of the latter experiment, assuming that
the Higgs boson has a mass mh = 125 GeV and is approximately
SM-like such that its invisible decay branching ratio is smaller than
10%; we have checked that increasing this fraction to 20% does not
change our results significantly.

In Fig. 1, we delineate the viable parameter space for the Higgs-
portal scalar DM particle. The area between the two solid (red)
curves satisfies the WMAP constraint, with the dip correspond-
ing to resonant DM annihilation mediated by the Higgs exchange.
We display three versions of the XENON100 direct DM detection
bound corresponding to the three values of f N discussed above.
The dash-dotted (brown) curve around the Higgs pole region rep-
resents BRinv = 10% such that the area to the left of this line is
excluded by our constraint BRinv < 10%. The prospects for the up-
grade of XENON100 (with a projected sensitivity corresponding to
60,000 kg d, 5–30 keV and 45% efficiency) and XENON1T are shown
by the dotted lines.

We find that light dark matter, MDM " 60 GeV, violates the
bound on the invisible Higgs decay branching ratio and thus is ex-
cluded. This applies in particular to the case of scalar DM with
a mass of 5–10 GeV considered, for instance, in Ref. [8]. On the
other hand, heavier dark matter, particularly for MDM # 80 GeV,
is allowed by both BRinv and XENON100. We note that almost the
entire available parameter space will be probed by the XENON100-
upgrade. The exception is a small resonant region around 62 GeV,
where the Higgs–DM coupling is extremely small.

In the case of vector Higgs-portal DM, the results are shown in
Fig. 2 and are quite similar to the scalar case. WMAP requires the
Higgs–DM coupling to be almost twice as large as that in the scalar
case. This is because only opposite polarization states can anni-
hilate through the Higgs channel, which reduces the annihilation
cross section by a factor of 3. The resulting direct detection rates
are therefore somewhat higher in the vector case. Note that for
DM masses below mh/2, only very small values λhVV < O(10−2)
are allowed if BRinv < 10%.
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Before RUN2 start

30

Incorporating knowledge/experience/developments/
optimization from Higgs analyses into default reconstruction 
(Global Event Description) 

2

increase by a factor of two compared to Run I. The number93

of inelastic collisions per LHC bunch crossing (pileup) will94

also increase, with an average of ⇠40 collisions per bunch95

crossing expected during the highest intensity LHC collisions96

in 2015. In addition the spacing between colliding bunches97

will be reduced from 50ns to 25ns in 2015, increasing the level98

of out-of-time pileup. Several methods have been investigated99

to mitigate the effect of pileup, maintaining optimal noise100

filtering. The methods that have been investigated include:101

using a single sample at the signal pulse maximum, a Z-102

transform converting the discrete time signal into the fre-103

quency domain [13], and a template fit with multiple com-104

ponents (“multi-fit”, described below).105

The multi-fit algorithm estimates the in-time signal ampli-106

tude and up to 9 out of time amplitudes by minimization of107

the �2, given by:108

�2 =

NX

i=1

⇣PM
j=1

Ajpij � Si

⌘
2

�2

Si

(2)

where Aj are the amplitudes of up to M = 10 interactions.109

The pulse templates p̃j for each bunch crossing j have the110

same shape, but are shifted in time by multiples of 25 ns111

within a range of -5 to +4 bunch crossings (BX) around the112

time of the in-time signal (BX=0). The pulse templates for113

each crystal are measured from low pileup pp collision data114

recorded by CMS at the beginning of 2013.115

The total electronic noise and its associated covariance116

matrix, �Si , are measured from dedicated pedestal runs, which117

measure the noise in all three gains of the MGPA in the118

absence of signal pulses. The total electronic noise and its as-119

sociated covariance matrix, �Si , are measured from dedicated120

pedestal runs, which measure the noise in all three gains of121

the MGPA in the absence of signal pulses. The total noise is122

taken as the quadrature sum of the pulse shape uncertainty123

and the electronic noise: �2

Si
+

PM
j=1

Aj�
2

pij . The former124

dominates the uncertainty for low energy pulses, while the125

latter dominates the uncertainty for the high energy pulses.126

The technique of Non-Negative-Least-Squares [6] is used127

to perform the �2 minimization of Eqn. 2 with the constraint128

that the fitted amplitudes are all positive. Examples of one fit129

for a hit in the barrel and a hit in the endcap are shown in130

Fig. 1. The fit is performed in approx 10 ms/event for events131

with an average pileup of 40 and for 25 ns bunch spacing.132

The residual contribution of out-of-time pileup to the energy133

resolution has been estimated for the new pulse reconstruction134

algorithm using simulated samples of unconverted photons. It135

is observed to be highly suppressed for signal pulses in both136

the barrel and endcaps. The improvement in energy resolution137

with respect the Run I reconstruction algorithm for collisions138

with 25 ns bunch spacing is substantial especially for low139

pT photons and electrons, given the larger contribution of140

pileup to the total energy estimate, and is still significant141

for those at high pT (pT >50 GeV). The new algorithm142

is thus expected to reduce the pileup dependence in the143

electromagnetic components of reconstructed jets and E
T

/ in144
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Fig. 1. Two examples of fitted pulses for simulated events with 20 average
pileup interactions and 25 ns bunch spacing, for a signal in the barrel (a)
and in the endcaps (b). Dots represent the 10 digitized samples, the red
distributions (other light colors) represent the fitted in-time (out-of time) pulses
with positive amplitude. The dark blue histograms represent the sum of all
the fitted contributions.

B. Clustering algorithms 146

Electrons and photons deposit their energy over several 147

ECAL channels. In addition, the presence of material in front 148

of ECAL causes conversions of photons and bremsstrahlung 149

from electrons, and the radiated energy is spread along � by 150

the strong magnetic field. Clustering algorithms are used to 151

collect the energy deposits in ECAL, including the contribu- 152

tions from this radiated energy. For LHC Run II the clustering 153

algorithms will be modified such that also the correlation in 154

the ⌘ � � plane of the radiated energy due to the combined 155

effect of the magnetic field and material budget distribution 156

is taken into account. The electron or photon energy is then 157

estimated as: 158

Ee,� = Fe,�

"
G⇥

X

i

(Ci ⇥ Si(t)⇥Ai + EES

#
(3)

where the sum is performed over all the clustered channels. 159

The amplitude measured in the i-th channel is labeled by 160

Ai, while Si(t) is a time dependent correction that accounts 161

for time variation of the channel response due to changes in 162

crystal transparency. The Ci parameter is a relative calibration 163

constant that takes into account differences in the crystal light 164
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in 2015. In addition the spacing between colliding bunches97

will be reduced from 50ns to 25ns in 2015, increasing the level98

of out-of-time pileup. Several methods have been investigated99

to mitigate the effect of pileup, maintaining optimal noise100

filtering. The methods that have been investigated include:101

using a single sample at the signal pulse maximum, a Z-102

transform converting the discrete time signal into the fre-103

quency domain [13], and a template fit with multiple com-104

ponents (“multi-fit”, described below).105

The multi-fit algorithm estimates the in-time signal ampli-106

tude and up to 9 out of time amplitudes by minimization of107

the �2, given by:108

�2 =

NX

i=1

⇣PM
j=1

Ajpij � Si

⌘
2

�2

Si

(2)

where Aj are the amplitudes of up to M = 10 interactions.109

The pulse templates p̃j for each bunch crossing j have the110

same shape, but are shifted in time by multiples of 25 ns111

within a range of -5 to +4 bunch crossings (BX) around the112

time of the in-time signal (BX=0). The pulse templates for113

each crystal are measured from low pileup pp collision data114

recorded by CMS at the beginning of 2013.115

The total electronic noise and its associated covariance116

matrix, �Si , are measured from dedicated pedestal runs, which117

measure the noise in all three gains of the MGPA in the118

absence of signal pulses. The total electronic noise and its as-119

sociated covariance matrix, �Si , are measured from dedicated120

pedestal runs, which measure the noise in all three gains of121

the MGPA in the absence of signal pulses. The total noise is122

taken as the quadrature sum of the pulse shape uncertainty123

and the electronic noise: �2

Si
+

PM
j=1

Aj�
2

pij . The former124

dominates the uncertainty for low energy pulses, while the125

latter dominates the uncertainty for the high energy pulses.126

The technique of Non-Negative-Least-Squares [6] is used127

to perform the �2 minimization of Eqn. 2 with the constraint128

that the fitted amplitudes are all positive. Examples of one fit129

for a hit in the barrel and a hit in the endcap are shown in130

Fig. 1. The fit is performed in approx 10 ms/event for events131

with an average pileup of 40 and for 25 ns bunch spacing.132

The residual contribution of out-of-time pileup to the energy133

resolution has been estimated for the new pulse reconstruction134

algorithm using simulated samples of unconverted photons. It135

is observed to be highly suppressed for signal pulses in both136

the barrel and endcaps. The improvement in energy resolution137

with respect the Run I reconstruction algorithm for collisions138

with 25 ns bunch spacing is substantial especially for low139

pT photons and electrons, given the larger contribution of140

pileup to the total energy estimate, and is still significant141

for those at high pT (pT >50 GeV). The new algorithm142

is thus expected to reduce the pileup dependence in the143

electromagnetic components of reconstructed jets and E
T
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Fig. 1. Two examples of fitted pulses for simulated events with 20 average
pileup interactions and 25 ns bunch spacing, for a signal in the barrel (a)
and in the endcaps (b). Dots represent the 10 digitized samples, the red
distributions (other light colors) represent the fitted in-time (out-of time) pulses
with positive amplitude. The dark blue histograms represent the sum of all
the fitted contributions.

B. Clustering algorithms 146

Electrons and photons deposit their energy over several 147

ECAL channels. In addition, the presence of material in front 148

of ECAL causes conversions of photons and bremsstrahlung 149

from electrons, and the radiated energy is spread along � by 150

the strong magnetic field. Clustering algorithms are used to 151

collect the energy deposits in ECAL, including the contribu- 152

tions from this radiated energy. For LHC Run II the clustering 153

algorithms will be modified such that also the correlation in 154

the ⌘ � � plane of the radiated energy due to the combined 155

effect of the magnetic field and material budget distribution 156

is taken into account. The electron or photon energy is then 157

estimated as: 158

Ee,� = Fe,�

"
G⇥

X

i

(Ci ⇥ Si(t)⇥Ai + EES

#
(3)

where the sum is performed over all the clustered channels. 159

The amplitude measured in the i-th channel is labeled by 160

Ai, while Si(t) is a time dependent correction that accounts 161

for time variation of the channel response due to changes in 162

crystal transparency. The Ci parameter is a relative calibration 163

constant that takes into account differences in the crystal light 164

Improved Monte Carlo simulation 
    NLO+PS QCD description for all Higgs production modes  
     merged NLO+PS QCD accuracy for additional jets

New calorimeter local reconstruction to mitigate out-of-time pileup with 
25ns bunch spacing
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Extension to the Higgs Effective Field Theory  
     Major change of paradigm  
        → Analyses not designed only for signal but also for pseudo-observables  
        → Our understanding of backgrounds will change too 
        → Including LEP data?  

100fb-1

Rediscover the Higgs boson at 13 TeV 

First 13 TeV fiducial/differential cross-section measurements 

Observe the Higgs boson more exclusive production and decay modes  

Follow the few excess of signal events (LFV, ttH, …) observed in Run1 data  

Look for additional Higgs-like particles or partners at high masses 
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SM Higgs  
Possibility to measure all the production modes 
High precision coupling measurements 
Rare decays 
Higgs boson pair production 

BSM Higgs 
Extended scalar sector (direct/indirect searches) 

heavy Higgs, charged Higgs, composite Higgs, MSSM 
Couplings to Dark Matter

3000fb-1
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Harsh pile-up conditions and instantaneous rate

10 cm

An event display showing reconstructed tracks and vertices (>100) of a simulated  
top-pair event with additional 140 interactions overlaid for the Phase-II detector 

Necessary conditions: 

  → maintain event reconstruction performances  
  → trigger in a high luminosity environment 
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Trigger / HLT /DAQ 
Track information at L1 trigger 
L1-trigger – 12.5 µs latency / 750 kHz output 
HLT output 7.5 kHz 

Muons 
Replace DT & CSC FE+BE electronics 
Complete RPC coverage in 1.5<η<2.4 

(new GEM/RPC technology) 
Muon-tagging in 2.4<η<3 

New Calorimeter EndCaps 
Radiation tolerant - high granularity  
5D capability 
Coverage up to η ∼ 3 

Barrel ECAL 
Replace FE electronics 

New Tracker 
Rad. tolerant – low material  
High granularity – 40MHz selective 
   readout (PT > 2 GeV) for L1 trig.    
 Extend coverage to η = 3.8 

CMS Technical Design Report, LHCC 2015-010  
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_                         σ14TeV/σ8TeV                σ14TeV [pb] 
gg→H           2.6(MX=MH)               49.5 
qq→qqH       2.6(high MX)              4.2 
qq→VH          2.1(MX=MV+MH)       1.5/1   
gg→ttH        4.7(MX=2Mt+MH)      0.6

   ggF   VBF   WH     ZH      ttH     total  
148M 13M 4.6M 2.9M 1.8M   170M 

Higgs boson candidates for 3000 fb-1 at 14 TeV:

→ have access to rare(r) Higgs boson production and decay modes  
             260K tH candidates, 140K HH candidates  
               BRH →μμ = 0.021%  BRH →Zγ = 0.15% (BRH →Zγ→llγ = 0.01%)
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Scenario 1 :  uncertainties as in Run1   
Scenario 2 :  theoretical uncertainties/2  

                  experiment systematic/sqrt(L)

Expected uncertainties on Higgs boson couplings

Maximum deviation in (plausible) BSM 
scenarios for which there are not another 

EWSB states accessible at LHC

8

FIG. 9: �gb/g
SM
b as a function of tan�. The colour code

is the following: Red means several Higgs bosons can be dis-
covered at the LHC - all the other points correspond to a
single Higgs boson discovery at the LHC. Dark blue points
are excluded by the �(b ! s�) constraint. Light blue, yellow
and green correspond to at least one third generation squark
has a mass less than 1.0 TeV, all third generation squarks are
heavier than 1.0 TeV but at least one top squark is lighter
than 1.5 TeV and both top squarks heavier than 1.5 TeV,
respectively.

FIG. 10: �g⌧/g
SM
⌧ as a function of tan�. The colour code

is the following: Red means several Higgs bosons can be dis-
covered at the LHC - all the other points correspond to a
single Higgs boson discovery at the LHC. Dark blue points
are excluded by the �(b ! s�) constraint. Light blue, yellow
and green correspond to at least one third generation squark
has a mass less than 1.0 TeV, all third generation squarks are
heavier than 1.0 TeV but at least one top squark is lighter
than 1.5 TeV and both top squarks heavier than 1.5 TeV,
respectively.

ble within the supersymmetric framework. The last row
in Table I reports anticipated 1� LHC sensitivities at
14TeV with 3 ab�1 of accumulated luminosity [5].

Acknowledgments: This work is supported in part by the
US Department of Energy and by the European Com-
mission under the contract ERC advanced grant 226371
MassTeV. We would like to thank S. Heinemeyer for dis-

�hV V �ht̄t �hb̄b
Mixed-in Singlet 6% 6% 6%
Composite Higgs 8% tens of % tens of %
Minimal Supersymmetry < 1% 3% 10%a, 100%b

LHC 14TeV, 3 ab�1 8% 10% 15%

TABLE I: Summary of the physics-based targets for Higgs
boson couplings to vector bosons, top quarks, and bottom
quarks. The target is based on scenarios where no other exotic
electroweak symmetry breaking state (e.g., new Higgs bosons
or ⇢ particle) is found at the LHC except one: the ⇠ 125GeV
SM-like Higgs boson. For the �hb̄b values of supersymmetry,
superscript a refers to the case of high tan� > 20 and no
superpartners are found at the LHC, and superscript b refers
to all other cases, with the maximum 100% value reached for
the special case of tan� ' 5. The last row reports anticipated
1� LHC sensitivities at 14TeV with 3 ab�1 of accumulated
luminosity [5].

cussions about FeynHiggs and A. Thamm for suggestions
on the section on composite Higgs models.
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Main channel to measure Yukawa coupling to 2nd generation fermions

>7σ observation and 5% uncertainty on Kμ are expected  
Test of models with deviations in couplings to 2nd generation  fermions

Moving from PhaseI aged to PhaseII detector 
better mass resolution (40%) 
higher μ resolution efficiency (20%) 

due to better spatial measurement of  tracker 
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FIG. 1: Cartoon of the region in the plane (g⇤,�/g⇤), defined by Eqs. (13),(14), that can be probed
by an analysis including only dimension-6 operators (in white). No sensible e↵ective field theory
description is possible in the gray area (� < gmin), while exploration of the light blue region
(gmin < � <

p
g⇤gmin) requires including the dimension-8 operators.
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FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional
contribution comes from the crossing of the box diagram). The last diagram on the first line
contains the t̄thh coupling, while those in the second line involve contact interactions between the
Higgs and the gluons denoted with a cross.

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e↵ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di↵erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each

diagram is characterized by a di↵erent scaling at large energies
p
ŝ = mhh � mt, mh. We
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case due to the limited sensitivity on the high mhh region.
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(d) Associated production with top-quarks: qq̄/gg → tt̄HH

Figure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron
colliders.
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factors F△, F! and G! approach constant values in the infinite top quark mass limit,
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The expressions with the complete mass dependence are rather lengthy and can be found
in Ref. [11] as well as the NLO QCD corrections in the LET approximation in Ref. [18].

The full LO expressions for F△, F! and G! are used wherever they appear in the
NLO corrections in order to improve the perturbative results, similar to what has been
done in the single Higgs production case where using the exact LO expression reduces the
disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in
which the known NLO corrections are implemented. As a central scale for this process
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with ŝ and t̂ denoting the partonic Mandelstam variables. The triangular and box form
factors F△, F! and G! approach constant values in the infinite top quark mass limit,

F△ →
2

3
, F! → −

2

3
, G! → 0 . (6)

The expressions with the complete mass dependence are rather lengthy and can be found
in Ref. [11] as well as the NLO QCD corrections in the LET approximation in Ref. [18].

The full LO expressions for F△, F! and G! are used wherever they appear in the
NLO corrections in order to improve the perturbative results, similar to what has been
done in the single Higgs production case where using the exact LO expression reduces the
disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in
which the known NLO corrections are implemented. As a central scale for this process

6

(a) gg double-Higgs fusion: gg → HH

H

H

H

g

g

Q

H

Hg

g

Q

(b) WW/ZZ double-Higgs fusion: qq′ → HHqq′

q

q′

q

q′

V ∗

V ∗

H
H

(c) Double Higgs-strahlung: qq̄′ → ZHH/WHH

q

q̄′ V ∗

V

H

H

g

g

t̄

t
H
H

q

q̄
g

(d) Associated production with top-quarks: qq̄/gg → tt̄HH

Figure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron
colliders.

where

t̂± = −
ŝ
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A process like HH production has not been observed in nature
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HH : signal kinematics

 [GeV]HHm
250 300 350 400 450 500 550

a.
u.

0

0.005

0.01

0.015

0.02

0.025

Kλ = λHHH/λHHHSM

At LO a 2→2 scattering process is completely determined by two 
variables (e.g.  “S and T” or “E and scattering angle”) 
All SM and BSM effects covered by double-differential measurement of two variables 

The triangle diagram that depends on the Higgs trilinear coupling (λHHH)  is always 
suppressed at higher invariant masses → its contribution affects the process mostly at 
threshold.

— Kλ = 0 only box diagram 

— Kλ = 1 SM 

— Kλ = 2.45 maximal interference  

— Kλ = 20 mainly triangle diagram
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FIG. 1: Cartoon of the region in the plane (g⇤,�/g⇤), defined by Eqs. (13),(14), that can be probed
by an analysis including only dimension-6 operators (in white). No sensible e↵ective field theory
description is possible in the gray area (� < gmin), while exploration of the light blue region
(gmin < � <

p
g⇤gmin) requires including the dimension-8 operators.
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FIG. 2: Feyman diagrams contributing to double Higgs production via gluon fusion (an additional
contribution comes from the crossing of the box diagram). The last diagram on the first line
contains the t̄thh coupling, while those in the second line involve contact interactions between the
Higgs and the gluons denoted with a cross.

derivative terms (which correspond to dimension-8 operators in the limit of linearly-realized

EW symmetry). The e↵ect of the neglected derivative operators will be then studied by

analyzing their impact on angular di↵erential distributions and shown to be small in our

case due to the limited sensitivity on the high mhh region.

The Feynman diagrams that contribute to the gg ! hh process are shown in Fig. 2. Each

diagram is characterized by a di↵erent scaling at large energies
p
ŝ = mhh � mt, mh. We
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HH : where is sensitivity located?

40

Measuring this small cross section in an inclusive search is very challenging at 
HL-LHC: compromise between branching ratio and cleanliness of the signal

CHAPTER 1. THEORETICAL FRAMEWORK 11

especially for the four leptons final state. However, the BR in such a channel is very
low.

• ZZ ⌧⌧ and �� ⌧⌧ channels: these channels have a little contamination from back-
ground processes, but due to their very small BR the number of events expected does
not allow the observation of Higgs pair production with the luminosities expected
for the LHC phase I data taking. However, they could become very interesting for
future measurements at the HL-LHC.

• WW ⌧⌧ channel: it has a sizeable BR and one of the main background contribution
is neutral boson pair production, with the two bosons decaying to the same final
state but without netrinos. The presence of neutrinos in W decays does not allow
the reconstruction of the invariant Higgs mass to be used in background rejection.

In summary, the bb ⌧⌧ channel seems to be one of the most promising for the observation
of Higgs boson pair production, as it has been indicated in the referenced phenomenological
studies. Thanks to the high BR and the relatively limited contamination from irreducible
tt̄ background, this channel allows to observe Higgs boson pair production with the amount
of data that will be collected in the next phase of operation of the LHC. This work therefore
focus on this channel in order to study the experimental e↵ects in this measurement and
to develop the best strategy for data selection and analysis.

channel
(l = e+ µ)

BR [%] Exp. # ev.
8 TeV
L = 25 fb�1

Exp. # ev.
14 TeV
L = 300 fb�1

bb ⌧⌧ 7.3 14 719
bb �� 0.26 0.52 26
bbWW ! bb jj l⌫ 7.3 14 714
bbWW ! bb l⌫ l⌫ 1.2 2.3 114
bb ZZ ! bb ll ll 0.014 0.027 1.4
bb ZZ ! bb jj ll 0.29 0.57 28
bb ZZ ! bb jj jj 1.5 2.9 147
ZZ ⌧⌧ ! ll ll ⌧⌧ 0.001 0.002 0.1
ZZ ⌧⌧ ! ll jj ⌧⌧ 0.02 0.04 2
ZZ ⌧⌧ ! jj jj ⌧⌧ 0.1 0.2 10
�� ⌧⌧ 0.029 0.055 2.8
WW ⌧⌧ 2.7 5.2 268

Table 1.2: Branching ratios and expected number of events for a fixed luminos-
ity L for some of the main decay channels of the Higgs pair system. l denotes
both electrons and muon, whose contribution is summed.

Tau reconstruction tough 
Largest bkg tt 
mT2 / BDT  

Signal small  
Bkg. large and difficult to asses  
Simple reconstruction

Most promising channels
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HH→bbγγ

41
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background : ZH,ttH,bbH  
signal : HH →bbγγ

Di-photon mass distribution for the 
estimated signal and background 
contributions. The data points show the 
result of a pseudo-experiment. 

Impact on the analysis from improvements on the detector

Rate: 300 events for 3000/fb

CERN-LHCC-2015-010
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HH→bbττ

42
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τμτh final state τhτh final state

Rate: 9000 events for 3000/fb

Challenging analysis,  overwhelming ttbar background 

The most sensitive final states: τμτh and τhτh 

mT2 mass/BDT for signal extraction method 

Uncertainty on the cross section: ~115% 

CERN-LHCC-2015-010
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Vector Boson Scattering
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Assess VBS sensitivity using same-sign WW and WZ  
EWK scattering cross-section  
non-unitarized scenarios simulated as the absence of Higgs  
anomalous couplings in the EFT approach  

pTW � pTjet,mW

2

Anatomy of WW scattering

slow emission of W’s hard scattering

×

In the regime

=

          SM scenario 

      No-Higgs scenario : extreme case when   
 the Higgs boson does not play any role in  
 the unitarization of VBS.  

       Difference : analysis sensitivity to models   
 where the Higgs boson performs a partial  
 unitarization of VBS.  

∆φ between the two final state charged leptons 
for the same-sign WW scattering, after the VBS 
selections  

CERN-LHCC-2015-010
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Conclusions

44

ATLAS and CMS have established the existence of a Higgs boson  
Higgs mass measured with and 0.2% precision 

The Higgs boson profile 
Overall σ/σSM = 1.00 ± 0.14  
No significant deviation from SM is observed but there are few channels to keep an 
eye on 
Reach program of searches for deviation(s) from SM or for extra states in the scalar 
sector  

A glimpse of the rich Higgs physics programme that will be performed 
at HL-LHC has been presented  
It will be strongly motivated by the discovery in the scalar sector at RunI of LHC 



Additional material
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LHC delivered integrate luminosity
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LHC
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2011
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BSM Higgs : direct search 2HDM
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Potential to exclude or discover heavy 
(scalar/pseudo-scalar) neutral Higgs 

bosons in the context of 2HDM
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4.1 Object and event selection 5

Figure 3: The region of parameter space for which a 300 GeV (top) and 500 GeV (bottom) H
boson could be excluded at 95% CL (blue), and the region of parameter space which could yield
a 5s observation of a heavy scalar H boson (green) in the ZZ channel, in the context of Type I
(left) and II (right) 2HDMs. The colored regions correspond to the expected 95% CL allowed
region from Higgs precision measurements with 3000 fb�1 of data [12].

Allowed region
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SUSY
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Motivation for SUSY has never been stronger, discovery of the Higgs 
gives new urgency to find “natural” explanation for gauge hierarchy 

     HL-LHC will investigate the SUSY spectrum of new particles  
to be discovered at LHC 

     HL-LHC will allow to firmly establish an evidence of SUSY      
     particle observed at LHC   

     HL-LHC will slightly expands discovery reach of LHC

AND   OR

AND   OR
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49

Electroweak searches benefit from large integrated luminosity 

Cross section for production pp→𝛘±𝛘0 
ranges from 1pb to 1fb,  going from masses 
of 300 to 1100 GeV  

The full HL-LHC dataset is needed for high 
mass sensitivity 
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Investigating SUSY spectrum

50

Different types of SUSY models lead to different patterns of discoveries in different final 
states after different amounts of data.  

HL-LHC measurements can be crucial to illuminate a Run 3 discovery, and thus answer 
fundamental questions about gauge hierarchy or dark matter.  

5.2 Evaluation of systematic uncertainties 7

Table 1: Overview over the analyses and their application to the different models.

Analysis Luminosity Model
( fb�1) NM1 NM2 NM3 STC STOC

all-hadronic (HT-Hmiss
T ) search 300

3000
all-hadronic (MT2) search 300

3000
all-hadronic eb1 search 300

3000
1-leptonet1 search 300

3000
monojetet1 search 300

3000
m`+`� kinematic edge 300

3000
multilepton + b-tag search 300

3000
multilepton search 300

3000
ewkino WH search 300

3000

< 3s 3 � 5s > 5s

with an efficiency of unity. The FastJet area method [31] is applied to correct measurements
of jets and energy in the calorimeters for the contribution from neutral pileup particles and
charged pileup particles outside the tracker acceptance.

About 10 to 100 million events per background process are produced with MADGRAPH 5 [14,
15], including up to four extra partons from initial and final state radiation, matched to PYTHIA 6.4
for fragmentation and hadronization. The background cross section is normalized to the next-
to-leading-order (NLO) cross section, which is based on the work in preparation for the Snow-
mass summer study 2013 and discussed in more detail in Refs. [32–34].

5.2 Evaluation of systematic uncertainties

All presented studies are based on 8 TeV analyses, where the systematic uncertainties have
been evaluated based on the various background estimation methods. We assume that the
backgrounds will be estimated in a similar way for the 14 TeV analyses in the future, while in
this paper we use the Monte-Carlo prediction only. Therefore, we use the systematic uncertain-
ties of the 8 TeV analyses as starting point, and scale them on a case-by-case basis depending
on their origin and predicted development of this origin:

• If the selection requirements of the 14 TeV analysis have been tightened such that the
background yield in the signal region is comparable to the one in the 8 TeV analysis,
we quote a typical uncertainty from the 8 TeV search. This is the case for both all-
hadronic analyses with HT-Hmiss

T and MT2 variables.
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