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The Highlight of the LHC Program

• Measurements of properties 

in progress @13 TeV 

• So far, appears consistent 
with SM predictions  

• Precision measurements are 

required to understand 

electroweak symmetry 

breaking  

• Higgs could also be a portal 
to BSM physics 
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Figure 7: Best fit values of �i · B f for each specific channel i ! H ! f , as obtained from the generic paramet-
erisation with 23 parameters for the combination of the ATLAS and CMS measurements. The error bars indicate
the 1� intervals. The fit results are normalised to the SM predictions for the various parameters and the shaded
bands indicate the theoretical uncertainties in these predictions. Only 20 parameters are shown because some are
either not measured with a meaningful precision, in the case of the H ! ZZ decay channel for the WH, ZH, and
ttH production processes, or not measured at all and therefore fixed to their corresponding SM predictions, in the
case of the H ! bb decay mode for the ggF and VBF production processes.
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arXiv: 1606.02266The Higgs Boson

Major motivation for HL-LHC



The HL-LHC Physics Program

• Higgs Physics 

• Exotics Bump Hunting 

• Dark Matter Searches 

• Search for Long Lived Particles 

• Supersymmetry
3

Leave no stone unturned
LHC is a discovery machine

Many ongoing searches…

Indications here and there but no 
conclusive sign of new physics yet

HL-LHC has the potential for major discoveries 
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ADD GKK + g/q − ≥ 1 j Yes 20.3 n = 2 1502.015185.25 TeVMD

ADD non-resonant ℓℓ 2e, µ − − 20.3 n = 3 HLZ 1407.24104.7 TeVMS

ADD QBH→ ℓq 1 e, µ 1 j − 20.3 n = 6 1311.20065.2 TeVMth

ADD QBH − 2 j − 20.3 n = 6 1407.13765.82 TeVMth

ADD BH high Ntrk 2 µ (SS) − − 20.3 n = 6, MD = 3 TeV, non-rot BH 1308.40754.7 TeVMth

ADD BH high
∑
pT ≥ 1 e, µ ≥ 2 j − 20.3 n = 6, MD = 3 TeV, non-rot BH 1405.42545.8 TeVMth

ADD BH high multijet − ≥ 2 j − 20.3 n = 6, MD = 3 TeV, non-rot BH 1503.089885.8 TeVMth

RS1 GKK → ℓℓ 2 e, µ − − 20.3 k/MPl = 0.1 1405.41232.68 TeVGKK mass

RS1 GKK → γγ 2 γ − − 20.3 k/MPl = 0.1 1504.055112.66 TeVGKK mass

Bulk RS GKK → ZZ → qqℓℓ 2 e, µ 2 j / 1 J − 20.3 k/MPl = 1.0 1409.6190740 GeVGKK mass

Bulk RS GKK →WW → qqℓν 1 e, µ 2 j / 1 J Yes 20.3 k/MPl = 1.0 1503.04677760 GeVW′ mass

Bulk RS GKK → HH → bb̄bb̄ − 4 b − 19.5 k/MPl = 1.0 1506.00285500-720 GeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 20.3 BR = 0.925 1505.070182.2 TeVgKK mass

2UED / RPP 2 e, µ (SS) ≥ 1 b, ≥ 1 j Yes 20.3 1504.04605960 GeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 20.3 1405.41232.9 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 19.5 1502.071772.02 TeVZ′ mass

SSM W ′ → ℓν 1 e, µ − Yes 20.3 1407.74943.24 TeVW′ mass

EGM W ′ →WZ → ℓν ℓ′ℓ′ 3 e, µ − Yes 20.3 1406.44561.52 TeVW′ mass

EGM W ′ →WZ → qqℓℓ 2 e, µ 2 j / 1 J − 20.3 1409.61901.59 TeVW′ mass

EGM W ′ →WZ → qqqq − 2 J − 20.3 1506.009621.3-1.5 TeVW′ mass

HVT W ′ →WH → ℓνbb 1 e, µ 2 b Yes 20.3 gV = 1 1503.080891.47 TeVW′ mass

LRSM W ′
R
→ tb 1 e, µ 2 b, 0-1 j Yes 20.3 1410.41031.92 TeVW′ mass

LRSM W ′
R
→ tb 0 e, µ ≥ 1 b, 1 J − 20.3 1408.08861.76 TeVW′ mass

CI qqqq − 2 j − 17.3 ηLL = −1 1504.0035712.0 TeVΛ

CI qqℓℓ 2 e, µ − − 20.3 ηLL = −1 1407.241021.6 TeVΛ

CI uutt 2 e, µ (SS) ≥ 1 b, ≥ 1 j Yes 20.3 |CLL | = 1 1504.046054.3 TeVΛ

EFT D5 operator (Dirac) 0 e, µ ≥ 1 j Yes 20.3 at 90% CL for m(χ) < 100 GeV 1502.01518974 GeVM∗
EFT D9 operator (Dirac) 0 e, µ 1 J, ≤ 1 j Yes 20.3 at 90% CL for m(χ) < 100 GeV 1309.40172.4 TeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 20.3 β = 1 Preliminary1.05 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥ 2 j − 20.3 β = 1 Preliminary1.0 TeVLQ mass

Scalar LQ 3rd gen 1 e, µ ≥1 b, ≥3 j Yes 20.3 β = 0 Preliminary640 GeVLQ mass

VLQ TT → Ht + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 T in (T,B) doublet 1505.04306855 GeVT mass

VLQ YY →Wb + X 1 e, µ ≥ 1 b, ≥ 3 j Yes 20.3 Y in (B,Y) doublet 1505.04306770 GeVY mass

VLQ BB → Hb + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 isospin singlet 1505.04306735 GeVB mass

VLQ BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B in (B,Y) doublet 1409.5500755 GeVB mass

T5/3 →Wt 1 e, µ ≥ 1 b, ≥ 5 j Yes 20.3 1503.05425840 GeVT5/3 mass

Excited quark q∗ → qγ 1 γ 1 j − 20.3 only u∗ and d∗, Λ = m(q∗) 1309.32303.5 TeVq∗ mass

Excited quark q∗ → qg − 2 j − 20.3 only u∗ and d∗, Λ = m(q∗) 1407.13764.09 TeVq∗ mass

Excited quark b∗ →Wt 1 or 2 e, µ 1 b, 2 j or 1 j Yes 4.7 left-handed coupling 1301.1583870 GeVb∗ mass

Excited lepton ℓ∗ → ℓγ 2 e, µ, 1 γ − − 13.0 Λ = 2.2 TeV 1308.13642.2 TeVℓ∗ mass

Excited lepton ν∗ → ℓW , νZ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

LSTC aT →W γ 1 e, µ, 1 γ − Yes 20.3 1407.8150960 GeVaT mass

LRSM Majorana ν 2 e, µ 2 j − 20.3 m(WR ) = 2.4 TeV, no mixing 1506.060202.0 TeVN0 mass

Higgs triplet H±± → ℓℓ 2 e, µ (SS) − − 20.3 DY production, BR(H±±L → ℓℓ)=1 1412.0237551 GeVH±± mass

Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, BR(H±±
L
→ ℓτ)=1 1411.2921400 GeVH±± mass

Monotop (non-res prod) 1 e, µ 1 b Yes 20.3 anon−res = 0.2 1410.5404657 GeVspin-1 invisible particle mass

Multi-charged particles − − − 20.3 DY production, |q| = 5e 1504.04188785 GeVmulti-charged particle mass

Magnetic monopoles − − − 7.0 DY production, |g | = 1gD , spin 1/2 Preliminary1.34 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 7 TeV

√
s = 8 TeV

ATLAS Exotics Searches* - 95% CL Exclusion
Status: July 2015

ATLAS Preliminary∫
L dt = (4.7 - 20.3) fb−1

√
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.

Today

} HL-LHC



Why the High-Luminosity LHC?

4
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LHC accelerator overviw
Frédérick Bordry
3rd ECFA High-luminosity LHC experiments workshop
3rd October 2016 – Aix-les-Bains

Why High-Luminosity LHC ? (LS3)

By continuous 
performance improvement 
and consolidation

By implementing HL-LHC

Almost a factor 3

Goal of HL-LHC project:
• 250 – 300 fb-1 per year
• 3000 fb-1 in about 10 years

Around 300 fb-1 the 
present Inner Triplet 

magnets reach the end of 
their useful life (due to 

radiation damage)
and must be replaced.



High-Luminosity LHC Plan

5

We are here!
~35 fb-1 collected in Run 2 CEPC startup?

LHC

HL-LHC goal is deliver 3000 fb-1 in 10 years
• Implies integrated luminosity of 250-300 fb-1 per year
• Requires peak luminosities of 5-7x1034 cm-2s-1 while using luminosity leveling 

(3-5 hours at peak luminosity) 
Design for “ultimate” performance 7.5x1034 cm-2s-1 and 4000 fb-1 
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Focusing magnets

Beam more focused before the collision

7

12 more powerful 
quadruplet magnets 

for ATLAS and CMS 

experiments

Magnetic field:  
8 Tesla (LHC)  

 12 Tesla (HL-LHC)

Superconducting material: 
Niobium-Titanium alloy (LHC) 

Niobium-tin (Nb3Sn) compound (HL-LHC) 



Squeezing the beam at IP

8
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LHC accelerator overviw
Frédérick Bordry
3rd ECFA High-luminosity LHC experiments workshop
3rd October 2016 – Aix-les-Bains

Squeezing the beams: High Field SC Magnets

Quads for the inner triplet 
Decision 2012 for low-β quads
Aperture � 150 mm – 140 T/m 
(Bpeak ≈12.3 T)
operational field, designed for 13.5 T 

=> Nb3Sn technology
(LHC: 8 T, 70 mm )

βtriplet Sigma
triplet

β* Sigma*

Nominal ~4.5 km 1.5 mm 55 cm 17 um

HL-LHC ~20 km 2.6 mm 15 cm 7 um



Crab cavities

9

4 crab cavities to be installed  close to each 

ATLAS and CMS experiments 

(Installation LS3)logo
area

Crab cavities
� Crab cavities increase overlap 

at collision => Higher luminosity

� Different kicks to head and tail

� Compensated by crab cavities 
on outgoing beam

� Present HL-LHC baseline: 2 cavities per
side to be installed in LS3 around ATLAS and CMS

R. Bruce, 2016.10.03 15

Tilt the particle bunches before collision 

in order to increase the area where they meet



Machine Protection System

10

Collimators to reinforce machine protection system 

(15-20 new; 60 replacements)



Bending Magnets 

11

Short bending magnets



Civil-engineering work

12

2 new ~300-meter long service tunnels to 

be excavated near ATLAS and CMS
House equipment sensitive to radiation 

e.g. Power converters (AC from network to 

high-intensity DC for magnets)HL-LHC underground structures at Point 1

L. Tavian, EFCA Workshop 2016 4
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UL17 
UA17 

UPR17 

UW17 

P1
(ATLAS)

- No direct CE interface with Experiment 
structures.
- Minimum distance of ~ 15 m between HL-
LHC and ATLAS structures (reduction of 
radiation & deformation impacts) 



New Superconducting Transmission Lines

13

New electrical transmission lines will connect power 
converters to accelerator magnets

Cables made of high-temperature 

superconducting material (Magnesium diboride) 
• Operate at 20 Kelvin 

• Record current intensities: < 100,000 Amps



HL-LHC Schedule

14

39
LHC accelerator overviw
Frédérick Bordry
3rd ECFA High-luminosity LHC experiments workshop
3rd October 2016 – Aix-les-Bains

Run I Run II Run III Run IV, V…

FAV = Fabrication, Assembly and Verification 

Construction project has been approved



The High-Luminosity Challenge

Major experiment upgrades needed to: 
• Improve radiation hardness and replace detectors at end-of-life 

• Mitigate pile-up (high granularity, fast timing) 
• Allow higher event rates to maintain trigger capabilities 

Goal is to maintain or improve current physics performance
15

6

The High-Luminosity Challenge

Very high pile-up Intense radiation

Major experiment upgrades needed to:
Improve radiation hardness and replace detectors at end-of-life
Provide handles for mitigating pile-up (high granularity, fast timing)
Allow higher event rates to maintain/improve trigger acceptance

Goal is to maintain or improve over current performance
Higgs physics provides main benchmarks for this

HL-LHC provides an extreme challenge to the experiments
Very high pile-up Very intense radiation



ATLAS Detector Upgrades

16
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Detector Upgrade – ATLAS
 Calorimeters

New BE/FE electronics
New HV power supplies
Lower LAr temperature

 Tracker

All silicon tracker (strip and pixel)
Radiation tolerant, high granularity
Low material budget
Coverage up to |η|=4

 Muon System

New BE/FE electronics
New RPC layer in inner barrel
Muon-tagging in 2.7<|η|<4.0
(under study)

 Trigger and DAQ

L0 rate at ~ 1 MHz
(latency up to 10 μs)
Possible hardware
L1 track trigger
HLT output ~10 kHz

 (Timing detector)

High granularity
timing detector
Coverage: 2.5<|η|<4.2
Possibly absorber
for |η|<3.2



CMS Detector Upgrades

17
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Detector Upgrades – CMS
 Endcap Calorimeter

High-granularity calorimeter
based on Si sensors

Radiation-tolerant scintillator

3D capability and timing

 Barrel Calorimeter

New BE/FE electronics

ECAL: lower temperature

HCAL: partially new scintillator

Possibly precision timing layer

 Tracker

Radiation tolerant, high granularity

Low material budget

Coverage up to |η|=4

Trigger capability at L1

 Muon System
New Be/FE electronics

GEM/RPC coverage in 1.5<|η|<2.4

Muon-tagging in 2.4<|η|<3.0

 Trigger and DAQ
Track-trigger at L1

(latency up to 12.5 μs)

L1 rate at ~ 750 kHz

HLT output ~7.5 kHz



Higgs Physics at the HL-LHC

18

A natural benchmark for detector design



Higgs program at the HL-LHC

19

Major component of the HL-LHC physics program
Main Higgs measurements at HL-LHC: 
• Higgs couplings
• Higgs self-coupling
• Rare Higgs decays
• Higgs differential distributions
• Heavy Higgs searches 

10

Higgs program at HL-LHC
Higgs boson studies are a major component of 
HL-LHC physics program
Main Higgs measurements at HL-LHC:

Higgs couplings
Higgs self-coupling
Rare Higgs decays
Higgs differential distributions
Heavy Higgs searches

HH ~100k 

Higgs Production Channels

Higgs Decay Channels

3000 fb-1

3000 fb-1

10

Higgs program at HL-LHC
Higgs boson studies are a major component of 
HL-LHC physics program
Main Higgs measurements at HL-LHC:

Higgs couplings
Higgs self-coupling
Rare Higgs decays
Higgs differential distributions
Heavy Higgs searches

HH ~100k 

Higgs Production Channels

Higgs Decay Channels

3000 fb-1

3000 fb-1

Higgs Production @ HL-LHC Higgs Decay Channels

SM@LHC 2015 2015/4/21

Perspective 

34

300/fb 3000/fb

HL-LHC 3000/fb : most couplings with 2-8% 
→ x3 improvement from 300/fb LHC results

Observable number of Higgs events per LHC experiment
2013 ~2018 ~2023 ~2035

H→ZZ→4l 20 120 4,000 40,000
H→γγ 570 6,500 25,000 240,000

VBF H→ττ 50 700 2,600 20,000

ATLAS : PHYS-PUB-2014-016
CMS : NOTE-2013-002

Scenario 1 : current syst. uncertainty
Scenario 2 : 1/2 theoretical uncertainty
                     syst. uncertainty � 1/√L

LHC: the first Higgs factory



Analysis Strategy for HL-LHC Projections

• Parameterized detector performance 

• Generator-level particles smeared with detector performance 

parameterized from full simulation and reconstruction of upgraded HL-LHC 

detectors 

• Effects of pile-up included for either: 

• L = 5 × 1034 cm-2s-1 (140 pile-up events) 

• L = 7 × 1034 cm-2s-1 (200 pile-up events) 

• Analyses based on existing Run 1 analyses with simple re-optimization for 
higher luminosity 

• Extrapolation of Run-1 or Run-2 results 

• Scale signal and background to higher luminosities 

• Correct for different center of mass energy 

• Analyses not re-optimized for higher luminosity 

• Assume same detector performance as in Run-1/2 (some use corrections 

based on studies from first approach) 
20

HL-LHC analysis projections done in two ways



Systematic uncertainties considerations

21

• Large HL-LHC statistics ➜ often systematics become dominating in 

precision measurements 

• Difficult to predict how they will evolve with luminosity/time 

• Both experiments start from current systematics with slightly 

different approaches: 

ATLAS CMS
• Experimental systematics scaled to 

best guess for HL-LHC 

• Results provided with current theory 

systematics and without theory 

systematics 

Provides results in two scenarios: 
• S1: Current experimental and 

theory systematics  

• S2: Experimental scaled with 

luminosity (1/√L) until a certain 

best achievable uncertainty level. 
The current theory systematics is 

halved 

• Both approaches aim to bracket the achievable precision 



Projections for Higgs Couplings

22
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Projections for Higgs Couplings
Full set of HL-LHC coupling projections
are based on Run-1 analyses

For μ=140 in case of ATLAS
Same as Run-1 performance for CMS

Higgs coupling precision (per experiment):
3-5% for W, Z and γ
~7% for µ
5-10% for t, b and τ

Do not include improved detector designs
or improvements in analysis techniques

300 fb-1 3000 fb-1

CERN-LHCC-2015-010

ATL-PHYS-
PUB-2014-016

ATLAS: used μ=140
CMS: same as Run-1 performance

Full set of HL-LHC coupling projections are based on 
Run-1 analyses 

Higgs coupling precision (per experiment): 
W, Z and γ: 3-5%
μ: ~7%
t, b and τ: 5-10%

Do not include improved detector designs or 
improvements in analysis techniques 



Projections based on Run 2 analysis
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CMS-DP-2016-064

H→ γγ projections updated based on 13 TeV (12.9 fb-1) analyses Signal Strength per Production Mode

Projected symmetrised uncertainties for the Hàγγ signal strength relative to the standard
model (μγγ), inclusively (labelled ‘tot.’) and per production mode (labelled ‘VBF’, ‘ttH’ and ‘ggH’
are shown. No projections for the ‘VH’ signal strength is given because the reference analysis
(HIG-16-020) is not sensitive to it. Projections are given for 300fb-1 and 3000 fb-1 under
different scenarios. For the 3000 fb-1 case the effect of the high pileup conditions of the HL-
LHC has been taken into account as degradations to the photon identification efficiency and
vertex identification efficiency. In each case the uncertainty for the inclusive signal strength is
also shown split into component: statistical uncertainties (‘stat.’), experimental systematic
uncertainties (‘exp.’) and theoretical systematic uncertainties (‘theo.’). In Scenarios S2 and
S2+, the experimental uncertainty on the integrated luminosity is reduced to 1.5%.

Signal Strength per Production Mode

Projected symmetrised uncertainties for the Hàγγ signal strength relative to the standard
model (μγγ), inclusively (labelled ‘tot.’) and per production mode (labelled ‘VBF’, ‘ttH’ and ‘ggH’
are shown. No projections for the ‘VH’ signal strength is given because the reference analysis
(HIG-16-020) is not sensitive to it. Projections are given for 300fb-1 and 3000 fb-1 under
different scenarios. For the 3000 fb-1 case the effect of the high pileup conditions of the HL-
LHC has been taken into account as degradations to the photon identification efficiency and
vertex identification efficiency. In each case the uncertainty for the inclusive signal strength is
also shown split into component: statistical uncertainties (‘stat.’), experimental systematic
uncertainties (‘exp.’) and theoretical systematic uncertainties (‘theo.’). In Scenarios S2 and
S2+, the experimental uncertainty on the integrated luminosity is reduced to 1.5%.

300 fb-1 3000 fb-1

Added expected degradation at μ = 200
Beamspot ~5cm  

Vertex identification reduced from 80% to 40% 
Photon ID efficiency decreased by 2.3% (10%) in EB (EE) 



Projections based on Run 2 analysis
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CMS-DP-2016-064

H→ γγ projections updated based on 13 TeV (12.9 fb-1) analyses 

Measure
Fiducial cross sections

Decouple theoretical 
uncertainties

Fiducial Cross-Section

The projected relative uncertainties for the Hàγγ fiducial cross section (σfid) are shown. The fiducial volume is defined on
generator-level quantities, and makes the following requirements on photons: the transverse momentum of the lead
(sublead) photon (pTgen (γ1 (2))) should be greater than 1/3 (1/4) of the invariant mass of the diphoton system (mγγ); the
absolute value of the pseudorapidity of both photons (|ηgen (γ1 (2))|) should be less than 2.5; the isolation of the photons
(IsoR=0.3gen (γ1 (2))), calculated as the sum of the transverse momenta of all stable particles inside a cone of aperture
R=0.3 around the photon, is required to be less than 10 GeV. Projections are given for 300 fb-1 and 3000 fb-1 under
different scenarios. For the 300 fb-1 case, the scenarios are S1 and S2, while for the 3000 fb-1 case, the scenarios are
S1+ and S2+. The effect of the high pileup conditions of the HL-LHC have been taken into account as degradations to the
photon identification energy and vertex identification efficiency. In each case the uncertainty for the inclusive signal
strength is also shown split into component: statistical uncertainties (‘stat.’), experimental systematic uncertainties (‘exp.’)
and theoretical systematic uncertainties (‘theo.’). In Scenarios S2 and S2+, the experimental uncertainty on the integrated
luminosity is reduced to 1.5%.

3000 fb-1

300 fb-1

Theoretical uncertainties 
become dominant at HL-LHC

Can achieve ~4% uncertainty



The projected 68% CL uncertainties on the Higgs boson signal strength for different production modes at 300 fb-1 (left) and 
3000 fb-1 (right), with Scenario 1 in green and Scenario 2 in red. In Scenario 1, the systematic uncertainties are unchanged 
with respect to the reference analysis, and in Scenario 2 the theoretical uncertainties are reduced by 50%, and the 
experimental uncertainties on the integrated luminosity and the lepton identification efficiency are reduced to 1.5% and 1% 
per lepton, respectively. The projections for 3000 fb-1 use different lepton efficiencies and misidentification rates to account 
for the higher pileup at the HL-LHC.

Signal Strength per Production Mode
l HIG-16-033

The projected 68% CL uncertainties on the Higgs boson signal strength for different production modes at 300 fb-1 (left) and 
3000 fb-1 (right), with Scenario 1 in green and Scenario 2 in red. In Scenario 1, the systematic uncertainties are unchanged 
with respect to the reference analysis, and in Scenario 2 the theoretical uncertainties are reduced by 50%, and the 
experimental uncertainties on the integrated luminosity and the lepton identification efficiency are reduced to 1.5% and 1% 
per lepton, respectively. The projections for 3000 fb-1 use different lepton efficiencies and misidentification rates to account 
for the higher pileup at the HL-LHC.

Signal Strength per Production Mode
l HIG-16-033

Projections based on Run 2 analysis

25

CMS-DP-2016-064

H→ ZZ projections updated based on 13 TeV (12.9 fb-1) analyses 

300 fb-1 3000 fb-1

Added expected degradation at μ = 200
Reduced lepton efficiency
Increased misidentification



H→ ZZ - Differential pT(H) Cross Section 
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CMS-DP-2016-064H ! ZZ - Differential pT(H) Cross Section

(H
) [

fb
/G

eV
]

T
/d

p
fid

 
σd

4−10

3−10

2−10

1−10

1

 (13 TeV)-1300 fbCMS Projection

(H
)>

20
0 

G
eV

)
T

(p
σ 

501

sys. unc.)⊕Toy Data (stat.
Systematic uncertainty (ECFA16 S1)
Systematic uncertainty (ECFA16 S2)

H (POWHEG+JHUGen) + XH→gg
XH = VBF + VH + ttH

(H) [GeV]
T

p
0 50 100 150 200 250

Ra
tio

 to
 P

O
W

HE
G

0.7
0.8
0.9

1
1.1
1.2
1.3

   

Extrapolation to 300 fb�1

(H
) [

fb
/G

eV
]

T
/d

p
fid

 
σd

4−10

3−10

2−10

1−10

1

 (13 TeV)-13000 fbCMS Projection

(H
)>

20
0 

G
eV

)
T

(p
σ 

501

sys. unc.)⊕Toy Data (stat.
Systematic uncertainty (ECFA16 S1+)
Systematic uncertainty (ECFA16 S2+)

H (POWHEG+JHUGen) + XH→gg
XH = VBF + VH + ttH

(H) [GeV]
T

p
0 50 100 150 200 250

Ra
tio

 to
 P

O
W

HE
G

0.7
0.8
0.9

1
1.1
1.2
1.3

   

Extrapolation to 3000 fb�1

Miguel Vidal ECFA 2016 04/10/2016 12 / 24

H ! ZZ - Differential pT(H) Cross Section
(H

) [
fb

/G
eV

]
T

/d
p

fid
 

σd

4−10

3−10

2−10

1−10

1

 (13 TeV)-1300 fbCMS Projection

(H
)>

20
0 

G
eV

)
T

(p
σ 

501

sys. unc.)⊕Toy Data (stat.
Systematic uncertainty (ECFA16 S1)
Systematic uncertainty (ECFA16 S2)

H (POWHEG+JHUGen) + XH→gg
XH = VBF + VH + ttH

(H) [GeV]
T

p
0 50 100 150 200 250

Ra
tio

 to
 P

O
W

HE
G

0.7
0.8
0.9

1
1.1
1.2
1.3

   

Extrapolation to 300 fb�1

(H
) [

fb
/G

eV
]

T
/d

p
fid

 
σd

4−10

3−10

2−10

1−10

1

 (13 TeV)-13000 fbCMS Projection

(H
)>

20
0 

G
eV

)
T

(p
σ 

501

sys. unc.)⊕Toy Data (stat.
Systematic uncertainty (ECFA16 S1+)
Systematic uncertainty (ECFA16 S2+)

H (POWHEG+JHUGen) + XH→gg
XH = VBF + VH + ttH

(H) [GeV]
T

p
0 50 100 150 200 250

Ra
tio

 to
 P

O
W

HE
G

0.7
0.8
0.9

1
1.1
1.2
1.3

   

Extrapolation to 3000 fb�1

Miguel Vidal ECFA 2016 04/10/2016 12 / 24

Can make precise differential pT(H) cross section measurements 



Higgs Self Coupling - λHHH
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λHHH

Extremely small cross section: σ ~ 41 fb ± 11%

HH Branching ratio Total yield 
(3000 fb-1)

bb + bb 33% 40,000
bb+WW 25% 31,000
bb + ττ 7.3% 8,900
ZZ + bb 3.1% 3,800
WW + ττ 2.7% 3,300
ZZ+WW 1.1% 1,300
γγ + bb 0.26% 320
γγ + γγ 0.0010% 1.2

Requires full HL-LHC luminosity to reach SM sensitivity
Need to combine all channels

A major goal of HL-LHC: Measurements of Higgs pairs production



Higgs Self Coupling Projections
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17

Higgs Self Coupling Projections

Channel Expected limit in μ Significance Limits on λ/λ
SM

 at 95% CL

Full 
Syst.

Stat. 
only

Full 
Syst.

Stat. 
only Full Syst. Stat. only

gg→HH→γγbb 1.3σ -1.3<λ/λ
SM

<8.7

gg→HH→ττbb          4.3 0.6σ -4<λ/λ
SM

<12

gg→HH→bbbb          5.2 1.5 -3.5<λ/λ
SM

<11 0.2<λ/λ
SM

<7

ttHH→t
had

t
lep

bbbb 0.35σ

CMS extrapolations from Run-2 analyses:

ATLAS simulations (HH→bbbb is Run-2 extrapolations):

ATL-PHYS-
PUB-2014-019

ATL-PHYS-
PUB-2015-046

ATL-PHYS-
PUB-2016-024

ATL-PHYS-
PUB-2016-023

CMS-DP-2016-064

Preliminary results with 2015 data used for extrapolation

CMS-PAS-HIG-16-032: gg → HH → ggbb
CMS-PAS-HIG-16-012: gg → HH → ttbb
CMS-PAS-HIG-16-024: gg → HH → VVbb
CMS-PAS-HIG-16-026: gg → HH → bbbb 

..

Measurement of the SM HH production
Projection of the sensitivity to the SM ggàHH production at 3 ab-1 expected to be collected 
during the HL-LHC program. The projections are based on 13 TeV analysis performed with 
data collected in 2015. The median expected limit, Z-value and uncertainty on the signal 
modifier μ=σHH/σSMHH are provided assuming different ECFA16 scenarios on the systematic 
uncertainties: S1 (when available), S2, and a scenario without systematic uncertainties to 
asses their impact (Stat. Only). For ggàHHàggbb the effect of the high pileup conditions of 
the HL-LHC has been taken into account as degradations to the photon identification 
efficiency and vertex identification efficiency.CMS extrapolation from Run-2 analyses

ATLAS simulations (HH→bbbb is Run-2 extrapolations)

CMS-DP-2016-064



Higgs: A natural benchmark for detector design

29

The design of the upgraded HL-LHC detectors is a complex process:
Want ultimate performance, but limited by cost and time for upgrade during 
long shutdown

Higgs measurements are corner stone of the HL-LHC physics program
Provide prime motivation for many upgrades beyond current detector 
capabilities 

Will provide some examples



Extended Trackers at ATLAS and CMS

30

21

Extended Trackers
ATLAS and CMS plan
to extend tracker coverage
to η~4 with pixel extension
Provides multiple benefits

Extended lepton coverage
(with forward muon tagger)
Forward b-tagging
Improved vertexing

Primary benefit is 
pile-up suppression

CMS
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Extended Trackers
ATLAS and CMS plan
to extend tracker coverage
to η~4 with pixel extension
Provides multiple benefits

Extended lepton coverage
(with forward muon tagger)
Forward b-tagging
Improved vertexing

Primary benefit is 
pile-up suppression

CMS

Multiple benefits:
- Extended lepton coverage (with forward 
muon tagger) 
- Forward b-tagging 
- Improved vertexing

Primary benefit is pile-up suppression 

ATLAS and CMS plan to extend tracker 
coverage to η~4 with pixel extension 



Suppression of pile-up jets
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At μ=200, every events has ~5 pile-up jets (pT>30 GeV) 

ATLAS
Phase-II Upgrade

Scoping Document
September 25, 2015 - Version 1.0

between hard-scatter jets and pile-up jets, or relying on exclusive jet selection, are expected to
benefit from extending the ⌘ coverage for the tracking confirmation as far as possible. Several
working points are provided. A requirement that the algorithm provides a fixed efficiency for hard-
scatter jets of 70, 80 or 90 % over all valid ranges of pT and ⌘ can be made. Alternatively, a fixed
efficiency for pile-up jets of 2, 5 or 10 % can be required. The track confirmation algorithm is only
applied for jets with pT < 100 GeV , as there is little pile-up jet contamination for higher values of
jet pT. Performance studies indicate that the 2% setting for pile-up jet efficiency presents a good
compromise between pile-up rejection and hard-scatter efficiency. This is therefore adopted by
the analyses presented here as the nominal working point. The effect of this tracking confirmation
algorithm is illustrated in Fig. 89, where the inclusive distribution of pile-up jets is shown as a function
of ⌘ for the different scoping scenarios. The benefit of the extended tracker coverage is evident for
the Reference scenario with respect to the Middle and Low scenarios.
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Figure 89. Distribution of the number of pile-up jets per event with no tracking confirmation (TC), and applying
the TC algorithm tuned to give 2% pile-up jet acceptance, for each of the three scoping scenarios.

XI.2.7.4 Performance gains from the high-granularity sFCal

As described in Section V.4.2, a new forward calorimeter with smaller LAr gaps is proposed. This
new detector will be read-out with four times finer transverse segmentation3 in the first longitudinal
layer (sFCal1) for 3.2 < |⌘| < 4.3. The biggest improvements in terms of detector performance will
come from the finer granularity in sFCal1.

The reduction in cell area by a factor of four results in a reduction of the pile-up noise RMS by
a factor of ⇠ 2.5. This effect is illustrated in Fig. 90, where the total noise for the legacy FCal (left)
and an upgraded sFCal (right) with increased granularity in sFCal1 is shown for µ ' 200. The main
effect, a reduction of the total noise of sFCal1 for |⌘| < 4.3, is clearly visible.

Note also the step in noise RMS at |⌘| ' 4.3 in the left plot, at the transition between the large
area cells and the cells with an area four times smaller, in the present FCal.

3The current FCal1 is built with smaller unsummed cells for |⌘| > 4.3.
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Pile-up Jet Suppression
At 200 pile-up, every events has 
~5 pile-up jets (pT>30 GeV)
Can suppress these by using 
tracking to associate them to 
either pile-up or hard-scatter vtx
For VBF Higgs production
need to use jets out to η~4

Extended tracker enables this
JETM-2016-012 CERN-LHCC-2015-010

CERN-LHCC-2015-020

Can suppress these by using tracking 
to associate them to either pile-up or 

hard-scatter vtx 

With
forward tracking

Without
forward tracking

Pile-up jets per event versus η

Most important for VBF processes 



Jet-PV association in VBF events
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Pile-up Jet Suppression
At 200 pile-up, every events has 
~5 pile-up jets (pT>30 GeV)
Can suppress these by using 
tracking to associate them to 
either pile-up or hard-scatter vtx
For VBF Higgs production
need to use jets out to η~4

Extended tracker enables this
JETM-2016-012 CERN-LHCC-2015-010

CERN-LHCC-2015-020

For VBF Higgs production needs to use jets out to η~4 



Higgs VBF → WW → eν μν Analysis
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ATL-PHYS-PUB-2016-018 

Physics gain of forward tracker studied in H→WW analysis 

Simple cut based analysis: 
• 2 forward jets (|η|>2) in opposite 

hemispheres
• No other jet above 30 GeV in 

between jets
• e/μ in between forward jets
• Missing ET>20 GeV 
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Figure 2: The (a) ��`` , (b) mT, (c) | �y j j |, and (d) mjj distributions are shown with all signal region selections
applied except for the one on the kinematic variable shown, and an arrow indicates the selection threshold. For
| �y j j |, the arrow indicates a minimum threshold from the |⌘ j | > 2 and opposite-hemisphere jet requirements. All
distributions assume the Reference scenario detector performance.

where the sum over �2
i,bkg includes the experimental and theoretical uncertainties on each background pro-

cess. The individual background uncertainty �i,bkg is computed by multiplying the expected background
yield for background process i, which is labeled Ni,bkg, by the fractional uncertainty from Table 4 or 5.
The theoretical uncertainties on the Higgs-boson production, labelled � j,sig, come from the fractional
uncertainties in Table 4 multiplied by the expected signal yield.

The individual background uncertainties are treated as uncorrelated in Eq. (4), but this is not strictly
correct. For the VBF analysis in Ref. [5], adding the uncertainties in an uncorrelated manner is a
conservative estimate, with the proper treatment resulting in a small reduction of approximately 5% in the
total background uncertainties.

11

Events after selection:
• ~ 200 signal events
• ~ 400 background events from tt and non-VBF Higgs

23

VBF H→WW→eνμν Analysis

Different levels
of background
uncertainties
with respect to
Run-1 H→WW
analysis

Tracker  
coverage

|η|<4.0
|η|<3.2
|η|<2.7

Physics gain of forward tracker
studied in H→WW analysis
Simple cut based analysis:

2 forward jets (|η|>2) in
opposite hemispheres
No jet above 30 GeV in between jets
e/μ in between forward jets
Missing ET>20 GeV

After selection: 
~200 signal events
~400 background events from tt and non Higgs WW

Factor two gain in precision from extended tracker coverage

Signal precision and significance

ATL-PHYS-
PUB-2016-018

Different levels
of theoretical 
uncertainties
on Higgs production

Factor two gain in precision from extended tracker coverage 

precision



High-granularity timing detector
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High Granularity Timing Detector
Minimum bias
scintillatorsHigh-granularity

timing detector
Additional pile-up rejection can
be achieved using precise timing

Different time of flight and
different collisions times in event

ATLAS considering thin timing device
Four layers silicon sensors
Coverage for 2.4<|η|<4.2
Possible Tungsten absorber for |η|<3.2
Timing target: 30-50 ps per MIP

Provide additional sensitivity to VBF
Possibly also enhance the jet trigger

ATLAS LAr

Different time of flight and 
different collisions times 

in event 

Additional pile-up rejection can be achieved using precise timing 

ATLAS considering thin timing device 
• Four layers silicon sensors
• Coverage for 2.4<|η|<4.2
• Possible Tungsten absorber for |η|<3.2
• Timing target: 30-50 ps per MIP 

Provide extra sensitivity for VBF
• Possible to also enhance jet trigger
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High Granularity Timing Detector
Minimum bias
scintillatorsHigh-granularity

timing detector
Additional pile-up rejection can
be achieved using precise timing

Different time of flight and
different collisions times in event

ATLAS considering thin timing device
Four layers silicon sensors
Coverage for 2.4<|η|<4.2
Possible Tungsten absorber for |η|<3.2
Timing target: 30-50 ps per MIP

Provide additional sensitivity to VBF
Possibly also enhance the jet trigger

ATLAS LAr



Timing detectors in CMS
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Timing Detectors in CMS
Endcap calorimeter (1.5<|η|<3) replaced by 
multi-layer silicon-based calorimeter

Current calorimeter not rad-hard enough
Use of silicon allows intrinsic time resolution 
down to 50 ps for large signal
Barrel calorimeter electronics upgraded to 
also provide precision timing (30 ps)
Additional timing layer for charged particles 
in front of calorimeter under consideration

Allows to reconstruct vertex time Example: Improved H→γγ
                vertex associationCMS-DP-2016-008

CMS-DP-2016-008

Endcap calorimeter (1.5<|η|<3) replaced by 
multi-layer silicon-based calorimeter 

Current calorimeter not rad-hard enough
 
• Use of silicon allows intrinsic time 

resolution down to 50 ps for large signal

• Barrel calorimeter electronics upgraded to 
also provide precision timing (30 ps)

• Additional timing layer for charged 
particles in front of calorimeter under 
consideration 



H→ γ γ with Timing Detector
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H→γγ  with Timing Detector

With full use of calorimeter
and charged particle timing
information vertexing efficiency
can be almost full recovered

Corresponds to effectively
30% more luminosity

Vertex selection efficiency drops
with increase in pileup

~80% now → ~40% at 200 pileup
Results in large degradation 
of mass resolution
Impact on fiducial cross
section measurement investigated

26

H→γγ  with Timing Detector

With full use of calorimeter
and charged particle timing
information vertexing efficiency
can be almost full recovered

Corresponds to effectively
30% more luminosity

Vertex selection efficiency drops
with increase in pileup

~80% now → ~40% at 200 pileup
Results in large degradation 
of mass resolution
Impact on fiducial cross
section measurement investigated

Vertex selection efficiency 
drops with increase in pileup 

~80% now → ~40% at μ = 200 pileup 

• Results in large degradation of mass 
resolution

• Impact on fiducial cross section 
measurement 

With full use of calorimeter and 
charged particle timing information 
vertexing efficiency can be almost 

full recovered 

Corresponds to effectively 
30% more luminosity 

30%

~5%



Exotics Bump Hunting
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ATLAS Dijet (bump hunt)

38

ATL-PHYS-PUB-2015-004 

ATLAS Dijet (bump hunt) 
Discovery reach for excited quarks (q*) and quantum black holes (QBH) 

Powerful search technique for new 
physics, model-independent as long       
as a sharp resonance. Many 
interpretations possible. 
Bump-hunter algorithm (Similar technique        
for other analyses such as CMS Z´ and ATLAS HH to 4b) 
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for other analyses such as CMS Z´ and ATLAS HH to 4b) 
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Injected 6 TeV 
q* signal  

Leads to a 5s excess 

q* 
8 TeV @ 3/ab 

>10TeV @ 3/ab 

QBH 

now 

Powerful search technique for new physics, 
model-independent as long as a sharp resonance 

Many interpretations possible

Discovery reach for excited quarks (q*) 



ATLAS Dijet (bump hunt)
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ATL-PHYS-PUB-2015-004 

Powerful search technique for new physics, 
model-independent as long as a sharp resonance 

Many interpretations possible

Discovery reach for 
Quantum Black Holes

ATLAS Dijet (bump hunt) 
Discovery reach for excited quarks (q*) and quantum black holes (QBH) 

Powerful search technique for new 
physics, model-independent as long       
as a sharp resonance. Many 
interpretations possible. 
Bump-hunter algorithm (Similar technique        
for other analyses such as CMS Z´ and ATLAS HH to 4b) 
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04
 

Injected 6 TeV 
q* signal  

Leads to a 5s excess 

q* 
8 TeV @ 3/ab 

>10TeV @ 3/ab 

QBH 

now 

CMS Projections @ 3/ab

Discovery of 
SSM W  ́masses up to 7 TeV

Exclusion limit 
m(W  ́->tb) > 4 TeV @95% CL

Exclusion limit 
m(Z )́ > O(4 TeV) @95% CL

(depending on resonance width and systematics)



Dark Matter
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LHC searches complement direct detection experiments 



Summary of CMS Dark Matter Results
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DiJet












Dark Matter at the HL-LHC

LHC collabs doing a spectacular job in DM hunt…























What does the future of these searches look like?


Mono-Jet












Classical jet + MET  DM Channel 
Suppressed in direct detection. LHC provides complementary sensitivity for AV. 
Full analysis in DELPHES. 
Benchmark among many DM collider searches. 
Interpretation in simplified model following                  
LHC DM forum (arXiv: 1507.00996) with 

 
 
 
Final state: large MET (>200 GeV) (cc) + jet  
Main bkgr: 70% Z(vv)+j  ; 30% W(lv)+j                                                    
Æ data-driven using muons Z(mm), W(mv)   
 
 
 
Analysis procedure 
Bin MET distribution in 22 exclusive bins.                                                 
At HL-LHC extend to MET > 2.4 TeV                                                     
(now 1.2 TeV). 
 

13 

4 parameters (Mmed, mDM, gSM, gDM)  

- 

Spin-1 mediator, axialvector 
gSM = 0.25, gDM = 1 

2D exclusion limit 
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Dark Matter at the HL-LHC: MET+monojet
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Projections - Pseudoscalar Projections - Axialvector 

Pseudoscalar
spin-0 mediator

Axialvector
spin-1 mediator

Not accessible to direct detection
Only LHC provides sensitivity

Suppressed in direct detection
LHC provides complementary sensitivity 

‘nominal’ : scale the uncertainties at low MET dominated by the systematic uncertainties on  
lepton ID/Iso to HL-LHC recommendation, scale the systematics at high MET by luminosity

Statistics 
dominated

Lepton ID/Iso 
dominated

MET Systematics

CMS-DP-2016-064



Long Lived Particles (LLP)
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A new focus at the LHC



Special Signatures from LLP
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Special Signatures from LLP 

21 

Issues and opportunities with LLP signatures: 

• Non-standard objects, custom trigger/reconstruction/simulation 

• Need to maintain dedicated detector capabilities 

Potential gains from HL-LHC from high luminosity, track-trigger, fast timing, 

better directionality. 

 

Variety of dedicated techniques to 
cover whole range of lifetimes (ct) 

CMS 
Inner Tracker

• Non-standard objects, custom trigger/reconstruction/simulation 
• Need to maintain dedicated detector capabilities



Special Signatures from LLP
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Special Signatures from LLP 

21 

Issues and opportunities with LLP signatures: 

• Non-standard objects, custom trigger/reconstruction/simulation 

• Need to maintain dedicated detector capabilities 

Potential gains from HL-LHC from high luminosity, track-trigger, fast timing, 

better directionality. 

 

Variety of dedicated techniques to 
cover whole range of lifetimes (ct) 

Signature driven searches, 
cover variety of SUSY and 

non-SUSY models and searches 
for BSM Higgs



2

fusion, but its decay is dominated by the small bottom quark
Yukawa yb ⇠ 0.02. This means that even very small cou-
plings of the Higgs to new degrees of freedom can manifest as
observable exotic decay modes. Such couplings are generic
in BSM scenarios, since new hidden sectors that include neu-
tral LLPs can couple to the Higgs via portal operators of low
effective dimension.

In particular, this makes exotic Higgs decays one of the
most plausible sources of LLPs. Furthermore, these LLPs
will in general obey the BBN lifetime bound, since their
coupling to the Higgs implies thermal contact with the SM
plasma [55]. This is realized, for example, in theories of Neu-
tral Naturalness [56–60], and generic scenarios with Hidden
Valleys [10–15] or dark photons [61–63]. The large rate of
Higgs and hence ULLP production can compensate to some
extent for the low probability of decaying in the detector, but
this is not enough to probe ULLPs with lifetimes near the
BBN bound. This is especially regrettable, since invisible
Higgs decays with ⇠ 10% branching ratios are discoverable
at the High-Luminosity LHC (HL-LHC) [64, 65]. At future
lepton colliders, sub-percent invisible decays can be directly
probed [49, 66]. For all of these MET signals, full characteri-
zation of the produced final state would be invaluable.

It is for these reasons that we advocate in this paper for the
construction of dedicated LLP detectors at hadron colliders.
We focus on exotic Higgs decays, where sensitivity to ULLPs
at the BBN lifetime bound would allow for full coverage of
an essentially finite parameter space. However, extending our
sensitivity to long decay lengths is generally motivated to dis-
cover and diagnose many BSM scenarios.

At the HL-LHC, ULLP decays could be detected by in-
strumenting a suitably large volume near the interaction
point, with sufficient shielding to suppress backgrounds from
prompt particles produced in the collision [67]. We pro-
pose the MATHUSLA detector concept (MAssive Timing
Hodoscope for Ultra Stable neutraL pArticles), which is lo-
cated at the surface above and slightly displaced from the in-
teraction point. This detector extends the lifetime range of
LLP searches by three orders of magnitude compared to the
main detector and could discover ULLPs near the BBN limit.
With present technology and available land above the CMS or
ATLAS interaction points, this detector could be constructed
in time for the HL-LHC upgrade.

At a future 100 TeV collider, even greater sensitivity is pos-
sible by instrumenting one or more dedicated underground de-
tector cavities ⇠50 m away from the interaction point. This
would enable the detection of sub-percent exotic Higgs de-
cays to ULLPs with lifetimes at the BBN limit and allow for
detailed characterization of the ULLP decay.

MATHUSLA Surface Detector for the HL-LHC — We
propose constructing a dedicated detector to observe ULLPs
decaying into charged SM particles away from the main de-
tector. The HL-LHC will produce Nh ⇡ 1.5 ⇥ 108 Higgs
bosons. When producing ULLPs in exotic Higgs decays, the
number of observed ULLP decays is roughly

N
obs

⇠ Nh · Br(h ! ULLP ! SM) · ✏
geometric

· L

bc⌧
(1)

20m

200m

100m

100m

Surface Detector

(side view)

70m

100m

(top-down view)

(a) (b)

FIG. 1. Possible geometric configurations for the MATHUSLA sur-
face detector at the HL-LHC. Gray shading indicates areas assumed
to be sensitive to LLP decays. The surface detector in (a) is a 200m
square building, centered along the beam line; (b) shows an alterna-
tive distributed arrangement of surface detectors.

where L is the linear size of the detector along the ULLP’s
direction of travel, ✏

geometric

is the chance that the ULLP will
pass through the detector (i.e. geometric coverage), and b
is the Lorentz boost |~p|/m of the produced ULLP. Since the
Higgs boson is dominantly produced on threshold, if it decays
to n ULLPs with mass mX , their characteristic boost will be

b ⇠ mh

nmX
, (2)

so typically b . 3 for n = 2 and mX & 20 GeV [68]. Assum-
ing the ULLP decays exclusively to the SM [69], observation
of a few ULLP decays with a lifetime of c⌧ ⇠ 107 m requires

L ⇠ (20 m)

✓
b

3

◆✓
0.1

✏
geometric

◆
0.3

Br(h ! ULLP)
. (3)

Therefore, ULLPs near the BBN lifetime bound arising from
exotic Higgs decays near current limits [70, 71] could be dis-
covered if the detector had a linear size of ⇠20 m in the di-
rection of travel and ⇠10% geometric coverage. Crucial for
this estimate is the assumption that the dedicated ULLP detec-
tor operates in a nearly background-free regime. This makes
it necessary for the detector to be shielded from the hadronic
particles produced in association with the pp collisions.

Placing a detector on the surface automatically satisfies the
shielding requirement, but the O(100 m) distance from the
interaction point requires a very large detector with an area of
order (200 m)2 and about 20 m height to achieve a sufficiently
large decay volume, as shown schematically in Fig. 1 (a). The
precise location on the surface is not critical, provided that
the horizontal distance is . 100 m [72]. Consequently, for
a given �� coverage, the rapidity of the detector does not
greatly affect geometric acceptance to LLP decays; however
it may be convenient to center MATHUSLA near ⌘ = 0.

We now discuss the backgrounds that MATHUSLA needs
to reject in order to clearly identify LLP decays in the decay
volume. Precise rejection efficiencies of backgrounds require
a detailed detector design, simulations, and a small-scale test,
which is beyond the scope of this letter and will be presented
in the future. However, the following considerations allow us
to argue that the concept can be realized using existing de-
tector technologies, such as Resistive Plate Chambers (RPCs)
and plastic scintillator detectors.

Atmospheric cosmic ray muons have a rate of O(10) MHz
over the entire MATHUSLA detector [50] and are by far the
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largest background. Rejecting this background requires ro-
bust tracking and timing capabilities with significant redun-
dancy. This can be achieved by instrumenting the surface area
of the detector volume as shown in Fig. 2. The excellent tim-
ing resolution of the scintillator detectors and RPCs provides
significant rejection power. Inelastic interactions in the de-
cay volume of downward traveling muons will not result in a
reconstructed vertex.

Prompt high-energy muons produced by pp collisions are
sub-dominant by many orders of magnitude. In addition, an
inelastic muon interaction in the decay volume that is recon-
structed as a displaced vertex can be rejected by a layer of
tracking chambers at the bottom, which gives a muon trajec-
tory connected to the vertex.

HL-LHC-produced neutrinos and upward cosmic neutrinos
may have neutrino-nucleon collisions within the air-filled de-
cay volume of the detector, resulting in multiple charged final
states with a reconstructed vertex that mimic a neutral LLP
decay. There are three main sources of neutrinos incident on
MATHUSLA: (a) a diffuse neutrino flux from cosmic ray in-
teractions in the atmosphere, which is isotropic below PeV en-
ergies [73–75], (b) a low-energy neutrino flux (E⌫ . 1 GeV)
from decay of pions and kaons produced in primary and sec-
ondary hadron production in the LHC, and (c) a high-energy
neutrino flux (E⌫ ⇠ mW /2) from processes like W , Z and
top quark production at the LHC. We use the neutrino cross
sections summarized in [76] to estimate the resulting event
rates and final state characteristics in MATHUSLA.

High-energy neutrinos from the LHC constitute a negligible
background, with only a small chance of producing a single
event in MATHUSLA over the entire HL-LHC run. The low-
energy neutrino flux from the LHC is difficult to determine
precisely. A simple simulation of minimum-bias events sug-
gests that the vast majority of neutrinos are produced by low-
energy hadrons decaying in the LHC detectors. This leads
to a steeply falling neutrino spectrum for energies above a
few hundred MeV. These neutrinos have mainly quasi-elastic
neutrino-nucleon scatterings in MATHUSLA. The µ�p final
state can be rejected by time-of-flight measurement of the rel-
atively slow-moving proton.

At neutrino energies greater than ⇠ 200 MeV, cosmic ray
muons traveling upwards can produce O(10�100) scatterings
in the decay volume per year, resulting mostly in soft pro-
tons. The timing difference of the RPC layers will give robust
rejection of such decay vertices. The very low rate of deep
inelastic scattering may be further distinguished with modest
cuts on the opening angle. In addition, the cosmic-ray-derived
backgrounds can be measured during periods when there are
no LHC collisions.

Lepton interactions in the rock below MATHUSLA, which
can produce K0

L, require further study but are unlikely to be a
problem, due to their low rate [76].

Based on these estimates, we conclude that MATHUSLA
will be able to conduct a nearly background-free search for
neutral LLP decays, provided it has robust three-dimensional
tracking and timing capabilities. RPCs provide ⇠ cm position
and ⇠ ns timing resolution of charged particle hits, and have
been successfully deployed with detector areas greater than
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FIG. 2. Schematic of a possible design for MATHUSLA.
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FIG. 3. HL-HLC sensitivity to LLP production in exotic Higgs
decays. Solid lines: Required Br(h ! XX) required to see 4 events
in MATHUSLA. Dotted lines: projected ATLAS Br(h ! XX)
exclusions [79]. Purple shading: projected CMS Br(h ! invis)
exclusion [64], which applies roughly beyond the blue shaded region.

⇠ 5000 m2 [77, 78]. Fig. 2 shows how the detector could be
instrumented with several RPC layers and scintillator detec-
tors, where the RPC tracking chambers are separated by a 1 to
2 meter spacing and located order of 20m above ground, with
scintillator detector layers above the RPC’s and at the bottom.
The scintillator detectors provide precise timing difference be-
tween charged particles entering at the top and exciting at the
bottom and vice versa. The RPC spatial tracking information
makes possible the reconstruction of the decay vertex of the
neutral LLP, and rejection of background events.

There are many options regarding the construction of the
detector structure. For example, partial burial may be prefer-
able given its large volume. At any rate, the civil engineering
requirements are modest. We conclude that the MATHUSLA
concept can be feasibly constructed in time for the HL-LHC
upgrade.

We now present quantitative sensitivity estimates for the
MATHUSLA detector design at the HL-LHC. To model LLP
production in exotic Higgs decays, we assume the h ! XX
signal model, which can be applied to many more complete
theories and demonstrates the reach of MATHUSLA in a sim-
ple parameter space. We simulate Higgs production via gluon
fusion with subsequent decay to two LLPs XX using the Hid-
den Abelian Higgs model [61] in MadGraph 5 [80], matched
up to one extra jet, and showered in Pythia 6 [81]. The prob-
ability of detecting LLP decays for a given lifetime is then
straightforwardly computed by a convolution of the LLP kine-
matic distributions with the acceptance of the geometry shown
in Fig. 1 (a). The Br(h ! XX) required for 4 expected signal
events, assuming 100% detection efficiency inside the detec-
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largest background. Rejecting this background requires ro-
bust tracking and timing capabilities with significant redun-
dancy. This can be achieved by instrumenting the surface area
of the detector volume as shown in Fig. 2. The excellent tim-
ing resolution of the scintillator detectors and RPCs provides
significant rejection power. Inelastic interactions in the de-
cay volume of downward traveling muons will not result in a
reconstructed vertex.

Prompt high-energy muons produced by pp collisions are
sub-dominant by many orders of magnitude. In addition, an
inelastic muon interaction in the decay volume that is recon-
structed as a displaced vertex can be rejected by a layer of
tracking chambers at the bottom, which gives a muon trajec-
tory connected to the vertex.

HL-LHC-produced neutrinos and upward cosmic neutrinos
may have neutrino-nucleon collisions within the air-filled de-
cay volume of the detector, resulting in multiple charged final
states with a reconstructed vertex that mimic a neutral LLP
decay. There are three main sources of neutrinos incident on
MATHUSLA: (a) a diffuse neutrino flux from cosmic ray in-
teractions in the atmosphere, which is isotropic below PeV en-
ergies [73–75], (b) a low-energy neutrino flux (E⌫ . 1 GeV)
from decay of pions and kaons produced in primary and sec-
ondary hadron production in the LHC, and (c) a high-energy
neutrino flux (E⌫ ⇠ mW /2) from processes like W , Z and
top quark production at the LHC. We use the neutrino cross
sections summarized in [76] to estimate the resulting event
rates and final state characteristics in MATHUSLA.

High-energy neutrinos from the LHC constitute a negligible
background, with only a small chance of producing a single
event in MATHUSLA over the entire HL-LHC run. The low-
energy neutrino flux from the LHC is difficult to determine
precisely. A simple simulation of minimum-bias events sug-
gests that the vast majority of neutrinos are produced by low-
energy hadrons decaying in the LHC detectors. This leads
to a steeply falling neutrino spectrum for energies above a
few hundred MeV. These neutrinos have mainly quasi-elastic
neutrino-nucleon scatterings in MATHUSLA. The µ�p final
state can be rejected by time-of-flight measurement of the rel-
atively slow-moving proton.

At neutrino energies greater than ⇠ 200 MeV, cosmic ray
muons traveling upwards can produce O(10�100) scatterings
in the decay volume per year, resulting mostly in soft pro-
tons. The timing difference of the RPC layers will give robust
rejection of such decay vertices. The very low rate of deep
inelastic scattering may be further distinguished with modest
cuts on the opening angle. In addition, the cosmic-ray-derived
backgrounds can be measured during periods when there are
no LHC collisions.

Lepton interactions in the rock below MATHUSLA, which
can produce K0

L, require further study but are unlikely to be a
problem, due to their low rate [76].

Based on these estimates, we conclude that MATHUSLA
will be able to conduct a nearly background-free search for
neutral LLP decays, provided it has robust three-dimensional
tracking and timing capabilities. RPCs provide ⇠ cm position
and ⇠ ns timing resolution of charged particle hits, and have
been successfully deployed with detector areas greater than
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FIG. 3. HL-HLC sensitivity to LLP production in exotic Higgs
decays. Solid lines: Required Br(h ! XX) required to see 4 events
in MATHUSLA. Dotted lines: projected ATLAS Br(h ! XX)
exclusions [79]. Purple shading: projected CMS Br(h ! invis)
exclusion [64], which applies roughly beyond the blue shaded region.

⇠ 5000 m2 [77, 78]. Fig. 2 shows how the detector could be
instrumented with several RPC layers and scintillator detec-
tors, where the RPC tracking chambers are separated by a 1 to
2 meter spacing and located order of 20m above ground, with
scintillator detector layers above the RPC’s and at the bottom.
The scintillator detectors provide precise timing difference be-
tween charged particles entering at the top and exciting at the
bottom and vice versa. The RPC spatial tracking information
makes possible the reconstruction of the decay vertex of the
neutral LLP, and rejection of background events.

There are many options regarding the construction of the
detector structure. For example, partial burial may be prefer-
able given its large volume. At any rate, the civil engineering
requirements are modest. We conclude that the MATHUSLA
concept can be feasibly constructed in time for the HL-LHC
upgrade.

We now present quantitative sensitivity estimates for the
MATHUSLA detector design at the HL-LHC. To model LLP
production in exotic Higgs decays, we assume the h ! XX
signal model, which can be applied to many more complete
theories and demonstrates the reach of MATHUSLA in a sim-
ple parameter space. We simulate Higgs production via gluon
fusion with subsequent decay to two LLPs XX using the Hid-
den Abelian Higgs model [61] in MadGraph 5 [80], matched
up to one extra jet, and showered in Pythia 6 [81]. The prob-
ability of detecting LLP decays for a given lifetime is then
straightforwardly computed by a convolution of the LLP kine-
matic distributions with the acceptance of the geometry shown
in Fig. 1 (a). The Br(h ! XX) required for 4 expected signal
events, assuming 100% detection efficiency inside the detec-

Possible design
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Focus on scenarios previously not accessible

Low cross sections and compressed mass spectra



Direct Production of stau Pairs
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Direct Production of stau Pairs 

17 

Assume 100% BR to SM tau and LSP. 
Signature: 

• 2 tau jets (hadronically decaying tau) 
• Large MET (from      ) 
Main background: W+jets, ttbar 
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Selection: 2 OS taus, loose jet and Z-veto, MET>280 GeV 
Define signal region (SR) in mT(t1) + mT(t2) 

Precision of bkg 
impacts sensitivity 

Discovery reach  
430-520 GeV @ 3/ab depending on bkg 

ATL-PHYS-PUB-2016-021 



Direct stop pair production with compressed mass spectra 
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Direct stop pair production with 
compressed mass spectra  

19 

Scenario with low stop-neutralino mass difference  
 
Project sensitivity of 2-lepton channel (needs 
luminosity), key to study stop properties (e.g. spin). 
Signature: 2 leptons + 2 b-jets + MET 

Discovery reach  
500GeV@3/ab 

Compressed mass spectra 

tt mmm #),( 0
11
~~
c

AT
L-

PH
YS

-P
UB

-2
01

6-
02

2 ATL-PHYS-PUB-2016-022 



Final remarks and outlook
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High-Luminosity LHC is now a construction project 

Rich BSM physics potential for HL-LHC 

High-Luminosity LHC very challenging environment 
→ Major detector upgrades being planned to cope with it 
→ Higgs precision measurements are a main physics driver for detector 
upgrades  

→ Expect upgraded detectors to match current performance in most 
areas even at highest pile-up levels

Several projections and full analyses for a variety of existing benchmark 

channels (heavy bosons, DM) reaching O(5-10 TeV)



Backup Slides
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First short model focusing magnet
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22

LHC accelerator overviw
Frédérick Bordry
3rd ECFA High-luminosity LHC experiments workshop
3rd October 2016 – Aix-les-Bains

CERN - US LARP collaboration

Design and Nb3Sn coils by CERN and 
LARP together (50%-50%)

Full collider characteristics.
Final length will be 3 to 5 times more 

First short model magnet MQXFS1 (1.5 m)
Inner triplet Quad final cross section (� =150 mm)

First short model magnet MQXFS1 (1.5 m) 
Inner triplet Quad final cross section diameter(150 mm)



Extrapolation strategy for ECFA16 projections 

53

Public results are extrapolated to larger data sets 300 and 3000 fb-1. In order to summarize 
the future physics potential of the CMS detector at the HL-LHC, extrapolations are presented 
under different uncertainty scenarios:

S1 All systematic uncertainties are kept constant with integrated luminosity. The performance of the 
CMS detector is assumed to be unchanged with respect to the reference analysis.

S1+ All systematic uncertainties are kept constant with integrated luminosity. The effects of  higher 
pileup conditions and detector upgrades on the future performance of CMS are taken into account.

S2 Theoretical uncertainties scaled down by a factor 1/2, while experimental systematic uncertainties 
are scaled down by the square root of the integrated luminosity until they reach a defined lower limit 
based on estimates of the achievable accuracy with the upgraded detector. The performance of the 
CMS detector is assumed to be unchanged with respect to the reference analysis.

S2+ Theoretical uncertainties scaled down by a factor 1/2, while experimental systematic uncertainties 
are scaled down by the square root of the integrated luminosity until they reach a defined lower limit 
based on estimates of the achievable accuracy with the upgraded detector.  The effects of higher pileup 
conditions and detector upgrades on the future performance of CMS are taken into account.

Theoretical uncertainties follow the prescriptions of the LHC Yellow Report 4 (in preparation).

Extrapolation strategy 
for ECFA16 projections
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Public results are extrapolated to larger data sets 300 and 3000 fb-1. In order to summarize 
the future physics potential of the CMS detector at the HL-LHC, extrapolations are presented 
under different uncertainty scenarios:

S1 All systematic uncertainties are kept constant with integrated luminosity. The performance of the 
CMS detector is assumed to be unchanged with respect to the reference analysis.

S1+ All systematic uncertainties are kept constant with integrated luminosity. The effects of  higher 
pileup conditions and detector upgrades on the future performance of CMS are taken into account.

S2 Theoretical uncertainties scaled down by a factor 1/2, while experimental systematic uncertainties 
are scaled down by the square root of the integrated luminosity until they reach a defined lower limit 
based on estimates of the achievable accuracy with the upgraded detector. The performance of the 
CMS detector is assumed to be unchanged with respect to the reference analysis.

S2+ Theoretical uncertainties scaled down by a factor 1/2, while experimental systematic uncertainties 
are scaled down by the square root of the integrated luminosity until they reach a defined lower limit 
based on estimates of the achievable accuracy with the upgraded detector.  The effects of higher pileup 
conditions and detector upgrades on the future performance of CMS are taken into account.

Theoretical uncertainties follow the prescriptions of the LHC Yellow Report 4 (in preparation).

Extrapolation strategy 
for ECFA16 projectionsExtrapolation strategy

Public results are extrapolated to larger data sets 300 and 3000 fb�1. In order
to summarize the future physics potential of the CMS detector at the HL-LHC,
extrapolations are presented under different uncertainty scenarios:

S1 All systematic uncertainties are kept constant with integrated luminosity. The
performance of the CMS detector is assumed to be the unchanged with respect to the
reference analysis
S1+ All systematic uncertainties are kept constant with integrated luminosity. The effects of
higher pileup conditions and detector upgrades on the future performance of CMS are
taken into account
S2 Theoretical uncertainties scaled down by a factor 1/2, while experimental systematic
uncertainties are scaled down by the square root of the integrated luminosity until they
reach a defined lower limit based on estimates of the achievable accuracy with the
upgraded detector. The effects of higher pileup conditions and detector upgrades on the
future performance of CMS are not taken into account
S2+ Theoretical uncertainties scaled down by a factor 1/2, while experimental systematic
uncertainties are scaled down by the square root of the integrated luminosity until they
reach a defined lower limit based on estimates of the achievable accuracy with the
upgraded detector. The effects of higher pileup conditions and detector upgrades on the
future performance of CMS are taken into account

Miguel Vidal ECFA 2016 04/10/2016 6 / 24



ALICE Detector Upgrades
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18 ALICE upgrade program (for Run 3) ...

technical design reports in CDS
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Crab cavities

Tilt the particle bunches before collision 

in order to increase the area where they 

meet

57

16 crab cavities to be installed  close to 

ATLAS and CMS experiments 

(superconducting)



The LHC 

future  
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Upgrade Plans
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2014
2015
2016
2017
2018
2019

2021
2020

2022
2023

2030?

:
:

LS1

LS2

LS3

HL-LHC

Physics restarts in June 2015
√s ~ 13 TeV            Bunch spacing: 50 —> 25 ns

Peak luminosity
1.6 × 1034 cm-2 s-1 , ~50 events per crossing

Peak luminosity
2.4 × 1034 cm-2 s-1 , ~60 events per crossing

Peak luminosity
5 × 1034 cm-2 s-1 , ~140 events per crossing

L ≥ 300 fb-1 

L ≥ 3000 fb-1 

L ≥ 100 fb-1 



A plethora of physics being explored for Run II

60
15/12/14& T.&Golling,&K.&Terashi& 2&

required lumi for first public result: 
•  1 fb-1 (very early – VE)
•  2-5 fb-1 (early – E)
•  full 2015 dataset (intermediate – I)
status of preparation
person power (good, critical, insufficient)



The W Boson Observation in 2010

PLHC 2010: March-May 2010 data

61

W →μν(events)

Signal 25.9

Bkg 2.8

Expected 28.7

Observed 40

Or, th
e disco

very of  

Super
symm

etry?

This goes better when I am discussing 
what can be done in 2015



Higgs Production Strength Uncertainty Prospects
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Higgs Self Coupling - λHHH
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λHHH

σ ~ 41 fb ± 11%

2 Higgs Self-Coupling Phenomenology

Higgs boson pair production from gluon fusion can be described at leading order (LO) by the Feyn-

man diagrams shown in Figure 1. Only the diagram on the left hand side includes a contribution from

the triple Higgs coupling, whereas in the case of the diagram on the right hand side the self-coupling

constant does not play a role. Both diagrams contain fermionic loops and are dominated by the con-

tribution from the top quark. There is a relative minus sign between the two contributions, resulting

in destructive interference that effectively reduces the total Higgs pair production cross section in the

Standard Model.

Figure 1: Feynman diagrams describing Higgs pair production from gluon fusion at LO.
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Figure 2: The dependence of the inclusive Higgs pair production cross section at
√

s = 14 TeV on

λHHH , on the left with a linear y-scale and with a log y-scale on the right. The LO and NLO values are

obtained with the HPAIR program [9], and for NNLO the results from Ref. [4, 5] are used.

This effect can be seen in Figure 2 (left), where di-Higgs cross sections for different values of the

self-coupling λHHH are shown, at LO, next-to-leading order (NLO), and next-to-next-to-leading order

(NNLO). A value of λHHH = 0 corresponds to the case where there is no self-coupling of the Higgs

boson, and thus the amplitude of the left diagram in Figure 1 vanishes. For this case the cross section is

enhanced by approximately a factor of two compared to the Standard Model [10, 11]. The cross section

decreases with increasing values of the self-coupling up to a value of 2.44 times the Standard Model

value (λS M
HHH

) where the cross section is at its minimum. Figure 2 (right) shows that the cross-section

is never zero. For larger values of λHHH the cross-section increases again. Due to the (approximately)

parabolic shape of the cross-section, measuring only the total cross section for the pair production

process does not allow the value of the self coupling constant to be inferred but the degeneracy could

be removed by further measurements of its dependence on kinematical variables.

Figure 2 also shows that the differences between cross-section predictions at different order in

pQCD are large. The NNLO values are used in the remainder of this note.

2



Higgs Self Coupling - λHHH
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λHHH

σ ~ 41 fb ± 11%

HH Total yield 
(3000 fb-1) Significance

bb + bb 40,000 ongoing
bb + ττ 8,900 ongoing
ZZ + bb 3,800 —
WW + ττ 3,300 < 1σ 
γγ + bb 320 1.3 σ 

Need to combine all channels

8 events expected
after selection



Upgrade Plans
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2014
2015
2016
2017
2018
2019

2021
2020

2022
2023

2030?

:
:

LS1

LS2

LS3

HL-LHC

- New inner pixel layer

- New muon small wheel
- Improve L1 trigger capabilities

- Replace inner tracker
- New trigger electronics scheme
  (Upgrade Muon/calorimeter electronics)

(improve vertexing resolution by 10-30%)

Collisions restarted in Spring 2015
√s ~ 13 TeV            Bunch spacing: 50 —> 25 ns

Peak luminosity
1.6 × 1034 cm-2 s-1 , ~50 events per crossing

Peak luminosity
2.4 × 1034 cm-2 s-1 , ~60 events per crossing

Peak luminosity
5 × 1034 cm-2 s-1 , ~140 events per crossing

L ≥ 300 fb-1 

L ≥ 3000 fb-1 

L ≥ 100 fb-1 



New 

Collider(s)
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Colliders under discussion
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Name Location Type Particles Energy

CEPC China Circular ee 90->240 GeV

SppC China Circular pp 70-100 TeV

FCC-hh CERN Circular pp 100 TeV

FCC-ee CERN Circular ee 90->350 GeV

ILC Japan Linear ee 250-500 GeV

CEPC/SPPC China Circular ep < 4.2 TeV

FCC-ep CERN Circular ep 3.5 TeV



Higgs couplings at new colliders
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 29 

lead to observable deviations in the Higgs couplings from the SM expectations. 
Typically, such deviations can be parameterized as  

 

𝛿 = 𝑐 𝜈2

𝑀𝑁𝑃
2      (2.2.1) 

 
where v and MNP are the vacuum expectation value of the Higgs field and the typical 
mass scale of new physics, respectively. The size of the proportionality constant, c, 
depends on the model, but it should not be much larger than O (1). The current and 
upcoming LHC runs will directly search for new physics from a few hundreds of GeV to 
at least a TeV. Eq. (2.2.1) implies that probing new physics beyond the LHC reach 
would require the measurement of the Higgs couplings at least to the percent level 
accuracy. 

The ATLAS and CMS experiments at the LHC will continue to improve the 
measurement of the Higgs boson properties including couplings to gauge bosons, 
Yukawa couplings and self-couplings. The current level of precision in the Higgs 
coupling measurements are at about O (15%) in most cases. They will be significantly 
improved in the coming decades through the on-going LHC program, as documented in 
several studies [1, 2]. Precision of a few percent are achievable for some of the 
couplings. However, to achieve the sub-percent level of precision will need new 
facilities. A lepton collider operating as a Higgs factory is a natural next step.  

 

              
Figure 2.1: Projections of the precision of Higgs coupling measurements at CEPC. The y-axis is 

the percentage accuracy of the ratio between the measured size of the couplings and the 
Standard Model predictions. Left: The projections for the LHC (300 fb-1, lighter grey) and HL-
LHC (3 ab-1, darker grey) are shown together with those for the CEPC (5 ab-1, lighter red) and 
the combination of CEPC and HL-LHC (darker red). Right: The projections for the CEPC are 
shown together with those for the ILC (250+500 GeV with 250+500 fb-1, lighter blue) and the 

combination of ILC and HL-LHC (darker blue). 

 
The CEPC collider will allow the measurement of the rates of production of the 

Higgs boson in e+e‒ annihilations. The SM predicts those cross sections for a Standard 
Model Higgs. The leading production at ~240 GeV is the Higgsstrahlung process e+e‒ 
oZ*oZH, supplemented by the WW and ZZ fusions e+e‒ oQQ�(W*W*) o�QQ H and 
e+e‒ o(Z*Z*) o� e+e‒ H, respectively. Data from CEPC can help identify the nature of 
the Higgs boson with these measurements. 

 A strong advantage of the CEPC experiment over the LHC is that the Higgs can be 
detected through the recoil mass method by reconstructing only the Z boson without 
including the recoiling Higgs boson in the event reconstruction.  Therefore, Higgs 
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lead to observable deviations in the Higgs couplings from the SM expectations. 
Typically, such deviations can be parameterized as  
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where v and MNP are the vacuum expectation value of the Higgs field and the typical 
mass scale of new physics, respectively. The size of the proportionality constant, c, 
depends on the model, but it should not be much larger than O (1). The current and 
upcoming LHC runs will directly search for new physics from a few hundreds of GeV to 
at least a TeV. Eq. (2.2.1) implies that probing new physics beyond the LHC reach 
would require the measurement of the Higgs couplings at least to the percent level 
accuracy. 

The ATLAS and CMS experiments at the LHC will continue to improve the 
measurement of the Higgs boson properties including couplings to gauge bosons, 
Yukawa couplings and self-couplings. The current level of precision in the Higgs 
coupling measurements are at about O (15%) in most cases. They will be significantly 
improved in the coming decades through the on-going LHC program, as documented in 
several studies [1, 2]. Precision of a few percent are achievable for some of the 
couplings. However, to achieve the sub-percent level of precision will need new 
facilities. A lepton collider operating as a Higgs factory is a natural next step.  

 

              
Figure 2.1: Projections of the precision of Higgs coupling measurements at CEPC. The y-axis is 

the percentage accuracy of the ratio between the measured size of the couplings and the 
Standard Model predictions. Left: The projections for the LHC (300 fb-1, lighter grey) and HL-
LHC (3 ab-1, darker grey) are shown together with those for the CEPC (5 ab-1, lighter red) and 
the combination of CEPC and HL-LHC (darker red). Right: The projections for the CEPC are 
shown together with those for the ILC (250+500 GeV with 250+500 fb-1, lighter blue) and the 

combination of ILC and HL-LHC (darker blue). 

 
The CEPC collider will allow the measurement of the rates of production of the 

Higgs boson in e+e‒ annihilations. The SM predicts those cross sections for a Standard 
Model Higgs. The leading production at ~240 GeV is the Higgsstrahlung process e+e‒ 
oZ*oZH, supplemented by the WW and ZZ fusions e+e‒ oQQ�(W*W*) o�QQ H and 
e+e‒ o(Z*Z*) o� e+e‒ H, respectively. Data from CEPC can help identify the nature of 
the Higgs boson with these measurements. 

 A strong advantage of the CEPC experiment over the LHC is that the Higgs can be 
detected through the recoil mass method by reconstructing only the Z boson without 
including the recoiling Higgs boson in the event reconstruction.  Therefore, Higgs 
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12.3 Project Timeline 

Figure 12.3 shows our current conception of a timeline for the CEPC and SPPC 
facility. It consists of the following stages: 

x The first milestone is to complete a Preliminary Conceptual Design Report 
(Pre-CDR) early in 2015. This goal was accomplished as the readers are 
reading this report. 

x This report will be submitted to the Chinese government for inclusion in the 
government’s 13th Five-Year Plan, which starts in 2016. If the CEPC gets 
approval, the R&D will take place from 2016 to 2020. 

x Construction will start in 2021 in the government’s 14th Five-Year Plan and 
will take about 7 years. 

x Experiments can begin as early as 2028 during the 15th Five-Year Plan. 
x For the SPPC, the focus will be to develop cost effective high-field 

superconducting magnets (16 – 20 Tesla) using a combination of Nb3Sn and 
HTS superconductors. This will take about 15 years. The engineering design 
of the SPPC will start in 2030 and construction begin around 2035. 

 

 
Figure 12.3: A possible timeline. 

 
Of course the realization of such a “fast track” timeline depends on many factors. 

Some are under our control, some are not. After completion of this Pre-CDR, the focus 
turns to the R&D. 

A critical path of the CEPC timeline is to achieve successful R&D for the two SRF 
systems: 

x Collider: 650 MHz, 384 cavities in 96 cryomodules; 
x Booster: 1.3 GHz, 256 cavities in 32 cryomodules. 

 
This would be the largest SRF installation in the world. To succeed with designing, 

fabricating, commissioning and installation of such a system, a significant investment in 
R&D, infrastructure and personnel is necessary. The R&D has two parts: 

x Prototyping as well as technology development for several critical 
components, in particular, the power coupler and the HOM damper. 



CERN FCC-hh/FCC-ee timeline

70

CERN Circular Colliders + FCC 

7 

Constr. Physics LEP 

Construction Physics Proto Design LHC 

Construction Physics Design HL-LHC 

Physics Construction Proto Design Future Collider 

1980 1985 1990 1995 2000 2005 2010 2015 2020 2025 2030 2035 

20 years 



New accelerators

W and Z bosons ==> LEP 

top quark  ==> Tevatron, run II; LHC 

Higgs ==> HL-LHC, new accelerator 

Schedules
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Future Circular Colliders – Conceptual Design Study  

Conceptual Design Report and  
cost review for the next ESU (≥2018)

80-100 km tunnel infrastructure in Geneva area –            
design driven by pp-collider requirements  

with possibility of e+-e- (TLEP) and p-e (VLHeC)

15 T ⇒ 100 TeV in 100 km 
20 T ⇒ 100 TeV in 80 km



Electroweak Fit Status (July 2011)

Excludes LHC data and direct Higgs searches from ATLAS and CMS
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Complete Fit

(including direct limits on Higgs


from LEP and Tevatron )

mH = 125.2 GeV     (most likely value)

            Range: [116,133]

First presented at PANIC ‘11


