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The High Luminosity-LHC project

Experimental Challenges 

� High pile-up ⇒ detector and trigger 

                               improvements needed 

�   High radiation level ⇒ detector damage 

Goal: keep detectors performance at the 
         same level as today
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Run I
Run2

Run3 HL-LHC (Run4, Run5)

<μ> ≤ 21

<μ>≃40

<μ>≃140                
<μ> ≤ 608 TeV

13-14 TeV
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• HL-LHC will start in mid-2025 after ~2.5 years of shutdown 
• Levelled luminosity of 5⋅1034 cm-2 s-1   
• Average number of pile-up interactions per 

bunch crossing <μ> ≃ 140 
• Expect to collect ~ 300 fb-1 with LHC and 

 ~3000 fb-1 with the HL-LHC 

Phase-I Phase-II



ATLAS and CMS detector upgrade
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Different technologies will be used in the Phase-II upgrade, but common strategy: 
→ Re-visit the L1 trigger logic to keep leptons pT thresholds and L1 trigger rates low  
→ Tracker replacement due to efficiency loss and fake rate increase 
→ Extension of detectors coverage to increase acceptance and improve performances 

              ATLAS and CMS detectors must be updated: 
                  1) Deterioration due to aging 
                  2) Cannot handle with <μ> ≃ 140 

ATLAS Upgrade
• New all-Silicon Tracker (ITK) 
• Replace calorimeter electronics 
• Replace Phase-I L1 trigger with a two stage 

L0/L1 trigger. Use calorimeter information and  
tracks to reduce L1 output rate to ~ 200 kHz 

• Extension of the coverage to larger η 
 

CMS Upgrade
• New all-Silicon tracker (radiation tolerant,  
    high granularity, less material) 
• New end-cap calorimeters (fast scintillators) 
• Muons: complete RPC coverage in forward region 
   (new RPC/GEM technology) 
• Tracker and calorimeters extension to |η| < 4
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Prospects for the Higgs physics
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 HL-LHC will be a Higgs factory: Over 100 million of SM Higgs boson produced 

Projections studies(*) for the Higgs properties measurements based on  
realistic/conservative assumptions on the detector performance at HL-LHC

Precision measurements New measurements?

ATLAS (ATL-PHYS-PUB-2013-004):  
- Full GEANT4 simulation used to evaluate performance 
- Detector response parametrized and applied at the generator level 
- Systematic uncertainties based on Run I, improvements from statistics.  

w/ & w/o current theory uncertainties 

CMS (arXiv:1307.7135):  
- Assumes that the upgraded detector will compensate the effects of higher 

pile-up and extrapolates Run I event rates 
- Two scenario for systematic uncertainties considered: 

1) Systematic uncertainties the same as in Run I 
2) Theory uncertainties scaled by a factor of 1/2,  

  experimental uncertainties scale as 1/√L
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✓Signal strengths 
✓Couplings

✓Assessment of the top Yukawa coupling via       production 
✓New rare decays (H➝μμ, H➝Zγ) 
✓Higgs boson pair production
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ttH

|η |< 4

Same tracking 
 efficiency expected

(*) submitted at the European Strategy for Particle Physics and presented at the  
   EFCA HL-LHC workshops
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• ZZ decay channel has one of the cleanest final state 
• The large number of events in a 3000 fb-1 sample allows the study of the 

Higgs production modes separately (improving the precision on couplings) 
• Precision of O(10%) or lower on the signal strength is expected by  

both ATLAS and CMS 

Conf-3 = ITK + forward calorimeter 
Conf-4 =  Conf-3 but |η| < 4 

⇒ These channels can also benefit from an extended eta coverage
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ATL-PHYS-PUB-2013-014

H → ZZ (*) → 4ℓ

Error is dominated by theoretical uncertainty
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Currently ~25% uncertainty on μ 
(ATLAS-CONF-2015-007, PHYSICAL REVIEW D89, 092007)
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H → γγ
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•  This channel offers a clean final state → peak on top of a smooth background 
•  Measurement in all the production channel is possible 
•  In particular, for the associated production modes        , WH and ZH more than 100 events could be observed 

S/B ~20% }
S/B~2% }

• Observation for all 
   the production modes  

•  Statistics limits the WH/ZH  
    sensitivity even at 3000 fb-1 

• CMS expects a precision of  
~4/8% on the signal strength  
with scenario 2/1(CMS-NOTE-13-002)

H-t Yukawa coupling
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S/B~10% }

ATL-PH
Y

S-PU
B

-2014-012Significance

8.2

WH 4.2

ZH 3.7

ttH

↪︎

ttH

ATL-PHYS-PUB-2014-012
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H →WW (*) → ℓνℓν(ℓ = e,µ)
• Harsh pile-up conditions  ⇒  ETmiss and jet energy resolution degradation 

➝ current categories have a poor S/√B, specific optimization studies needed 
(e.g. higher jet pT threshold, even considering that     cross section increased 
        by a factor of ~4 going from 8 TeV to 14 TeV) 

• Perspectives based on reconstructed events with 8 TeV, rather than generator  
level 14 TeV samples ➝ PDF reweighting used to estrapolate to 14 TeV 

• Uncertainty on signal strength μ dominated by theoretical error

EC
FA

2014

ATL-PHYS-PUB-2013-014

CMS expects a precision of 4/7% on the signal strength in scenario 2/1
(CMS NOTE-13-002)
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ATL-PH
Y

S-PU
B

-2013-009

tt

Currently ~21% uncertainty on μ 
(arXiv:1412.2641, CMS-HIG-14-009)
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VH → bb ,H → ττ
VH → bb ,(V =W / Z )

 b-tagging perfomance will degrade (primary vertex mis-identification, pile-up tracks)  
→ new b-tagging approaches and MVA techniques can help

CMS expects a precision of 5/7% on the signal strength in scenario 2/1
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10%JES uncert.
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H → ττ
• VBF               category considered 
• 8 TeV MC samples used 
• projections with new pile-up conditions

τ lepτ had
Extension of tracker  

would help 
 in rejecting fake jets

CMS expects a precision of 5/8% on the signal 
 strength in scenario 2/1
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ATL-PHYS-PUB-2014-011

EC
FA

2014



Rare decays
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Higgs rare decay channels will be those mostly benefit from the large dataset available with the HL-LHC

H → µµ
• Probe the 2nd generation coupling 
• BR O(10-4 ) and high background from Z/γ*  
• High mass resolution

CMS: uncertainty of ~20/24% with scenario 2/1 
ATLAS: prospective studies based on the 2012 
            analysis
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H → Zγ
• Challenging study: high Z+γ/Z+jets background 
• not-Higgs mediated background  
• Measuring its rate can provide insight into BSM physics

Z in ee/μμ considered, 3.9σ expected 
CMS expects 20/24% uncertainty with scenario 2/1 
ATLAS expects 30% uncertainty
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ATL-PHYS-PUB-2014-006
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Channels summary
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Different experimental categories considered 
comb. = all combined 
inclu. = only inclusive result shown
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New Results 
 (ATL-PHYS-PUB-2014-016)

(2-8)%

(6-14)%
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CMS NOTE-13-002



Couplings
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✦  Use results found above to extract perspectives for the Higgs couplings 
✦  Coupling fit framework:  

              ➙ Zero width approximation 

             ➙ If no assumptions on the total width only coupling ratios λXY = kX/kY  

Coupling deviation from SM
parameterized with multiplicative
modifiers k

Γi, σi scale as ki
2
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top-H coupling precision  
~10% or better

σ ⋅B gg→ H → γγ( )
σ SM gg→ H( ) ⋅BSM H → γγ( ) =

kg
2 ⋅ kγ

2

kH
2

BSM Sensitive 
(loop coupling modifiers)

⇒

• no BSM particles inside loops 
ΓH = Γ i

i
∑↳

(Model independent)

(Model dependent)



Higgs pair production
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• Measuring the Higgs pair production will constraint the Higgs self-coupling, allowing a partial reconstruction of the   
Higgs potential → any deviation from SM hint of new physics

λHHH

Destructive interference ⇒ SM cross section decrease
σ ! 40.8 fb (Phys. Rev. Lett. 111 (2013) 201801)

• Small cross section +  
huge background (top and fakes processes)
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ATLAS expects ~ 8 events 
after selections 

corresponding to a signal 
significance of 1.3σ 
 for the SM scenario
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EC
FA

2014

ATLAS and CMS are discussing the 
 analyses for sensitivity improvement 

(e.g. use MVA techniques)

H (bb )H γγ( ) H (bb )H τ +τ −( ) CMS expects  
a signal  

significance  
of 0.9σ

Physics at the High-Luminosity LHC (2015)



Remarks and Conclusions
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✦ The HL-LHC will provide a great opportunity for Higgs precision measurements: 
✦~10% of precision expected for the signal strengths  
✦  few % of precision expected for the Higgs couplings 

✦ The rare       production cross-section should be measured with an ultimate precision of less                             
than 10% and accordingly enable precise measurements of the top Yukawa-coupling 

✦  New rare processes will become accessible thanks to the 3000 fb-1 collected, with the 
observation of H→μμ and H→Zγ 

✦ The rare HH production will also be accessible at the HL-LHC 

…….and a lot of work-in-progress to add more exciting perspectives to this list

The best is yet to come!

ttH



Backup
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Higgs physics at HL-LHC
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Performance studies
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• Luminosity levelling after the start of each fill → keep luminosity constant  for an extended time, by adjusting the 
transverse size of the beam β* along the beam trajectory 

• Mitigation of pile-up effects µ = σ inelL
nb fr

Charged fraction effective  
at reducing pile-up jets

•  b-tagging performances crucial for Higgs physics and BSM physics (higher mis-identification probability 
 for fixed b-tagging probability)  

H → γγ

precision timing helps

• Re-visit the trigger logic: (ATLAS) L1→L0/L1 hardware design. Only the RoIs identified by L0 are transferred to the 
L1 for further processing ⇒ allows L0 trigger rate much higher than the actual L1 rate

M. Trovatelli - WIN2015 10 June 2015

ECFA2014



Performance studies
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• The true ETmiss is smeared in x and y using a parametrized function:

Ex,y
miss = Ex,y

miss,true +Gaussian(0,σ (µ))

Resolution depending on the pile-up

•Parametrization derived from Z’->ttbar, minimum-bias and di-jet events. 
•ETmiss resolution depending on the total ΣET

ΣET
PU = ΣET − ΣET

true

•ETmiss resolution is than calculated as a function of the ΣET:

1. In the low ΣET region the resolution is obtained from that minimum bias sample 
2. In the high ΣET region the fit obtained from the Z’->ttbar events is used 
3. In the small region between the two regimes, a linear interpolation is used



Spin-parity
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The H→ZZ  process is sensitive to non SM contributions (0+)

A(H → ZZ ) = v−1 a1mZ
2ε1

*ε2
* + a2 fµν

*(1) f *(2),µν + a3 fµν
*(1) !f *(2),µν( )

SM tree process
loop CP-even  
contributions

CP-odd contributions (BSM)

CP violation in the Higgs sector if a3 and a1 or a2 ≠ 0

fai =
| ai |

2 σ i

| a1 |
2 σ 1+ | ai |

2 σ i

φai = arg
ai
a1

⎛
⎝⎜
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⎠⎟

Fit fraction of events                                and phase                       to the 
angular distributions                                     

2
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ATL-PHYS-PUB-2013-013 CMS-FTR-13-103

CP-odd fra
ction
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ZH→invisible

19M. Trovatelli - WIN2015 10 June 2015

• ZH→�� +invisible offers the possibility to search for the invisible branching ratio of the Higgs boson 
• signature: 2 pT > 20 GeV leptons + MET > 180 GeV (MET cut is relaxed w.r.t. Run I analysis due to the degradation  

of MET performance in the high pile-up conditions

ATL-PHYS-PUB-2013-014

~5% exp. uncertainty 
~5% theo. uncertainty

~2-3% uncertainty

•  Limits on BR can be interpreted in the context of Dark Matter 
 particles coupling to Higgs, with a coupling constant λhχχ

Study dependent on the spin of the Dark Matter particle

Limit on the Higgs-Dark matter coupling

CMS expects to constrain the BR(inv) to better than 11% 
current upper limit is 58% (CMS-HIG-13-030)

ATL-PHYS-PUB-2013-014

ATL-PH
Y

S-PU
B

-2013-014



Couplings
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Minimal model

Theo. systematics give a sizeable contribution to the total uncert.
ATLAS estimates how much each source of theory uncertainty 
 would have to be reduced to be small compared to the 
 experimental uncertainties.

uncertainties on gg→H signal are the most limiting for couplings measurements
ATL-PHYS-PUB-2014-016



Couplings
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Vκ
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ATLAS Simulation Preliminary
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Minimal model 
- It is sensitive to deviations from the SM between the Higgs boson Gauge- and Yukawa-coupling sector 
- H→γγ and gg→H loops only depends on kF and KV, no contributions from BSM 



Couplings ratios
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In ratio of coupling many experimental 
systematics cancel

The benchmark model doesn’t make any 
 assumption on the Higgs Total width

σ i ⋅B(i→ H → f ) =
σ i ⋅Γ f

ΓH

ATL-PH
Y

S-PU
B

-2014-016



Mass dependence
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Mass-scaled couplings defined to determine the mass dependence of the Higgs boson couplings

with 
f = μ,τ,t 
V = W,Z 
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Uncertainties on couplings
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Two scenarios for theoretical uncertainties  
1) No uncertainties at all 
2) Estimate the maximum theory uncertainty compatible 

with <10% increase of total uncertainty 
ATL-PHYS-PUB-2013-014



Total width

25

• Higgs natural width ~ 4.2 MeV << than detector resolution 
• Upper limits on ΓH through interference between H→γγ and the continuum gg→γγ background 

(Phys. Rev. Lett. 111, 111802)
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2. The real component is odd around the Higgs boson mass, and does not change the yield. However,278

when folded with the experimental resolution, it engenders a negative shift in the apparent mass279

(see Figure 10).280

In the SM, this shift was originally estimated using a simplified resolution model to be approximately281

80 MeV [6], and for a width 20 times larger than the SM value, the shift was estimated to approximately282

400 MeV. In this analysis, which use a more sophisticated resolution model and slightly adjusted selec-283

tion, the shifts come out a bit smaller (about 50 MeV for the SM). The size of this shift decreases at284

large transverse momentum of the Higgs boson decay system, which means that the total Higgs boson285

width is reflected in the di↵erence in the apparent masses between events with low and high pH
T . This286

analysis relies on this feature and splits the dataset by pH
T , at 30 GeV, and separately measures the mass287

di↵erence between these two subsets. A limit on the Higgs widths is then extracted from the measured288

mass di↵erence.289
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(a) Real interference
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(b) Real term after detector smearing
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(c) Apparent mass shift

Figure 10: The real component of the interference (a) is odd around the Higgs boson mass, with a
sharp spike but long tails. Smearing this shape with the experimental resolution broadens observed cross
section (b), and adding this to the nominal signal model (c) leads to a shift in the apparent mass. The
interference and signal line shapes were provided by Dixon and Li, the experimental m�� resolution
corresponds to the Run I resolution.

interference 

 [GeV]γγm
110 115 120 125 130 135 140

 [f
b/

G
eV

]
γγ

m
 / 

d
σd

-3

-2

-1

0

1

2

3

4

  InternalATLAS  < 30 GeV
γγT

p

,SMHΓ× = 1 HΓ
,SMHΓ× = 10 HΓ

,SMHΓ× = 100 HΓ
,SMHΓ× = 1000 HΓ

Interference real component
after detector smearing

Simulation Preliminary

smearing applied

adding signal

mass shift 
 ~50MeV for the SM

The size of the shift decreases at high pT,H  

⇒ reflects in the difference in the mass between events with low and high pT,H  
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ATLAS expects 40·ΓSM limit on ΓH  
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Higgs pair production
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ECFA2014

• ~30000 events expected  
• Based on Delphes fast simulation tuned to 
   CMS Phase II detector 
•  Only main ttbar background considered 
• Neural Network discriminant from kinematic variables 

HH → bbWW → bbℓνℓν

NN > 0.97 leads to a 40%  
signal efficiency 

 while rejecting 99.73%  
of the background 

Cross section upper limit as a function  
of the background systematic uncertainties Sensitive to large deviations w.r.t. SM 
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ttH ,H → µµ

• Direct access to the product of the top- and the μ-Yukawa coupling 

• Determination of the CP nature of the resonance at 125 GeV. The CP odd could be 
suppressed with a vector boson coupling in the initial or final state, but in this 
channel only fermion Yukawa couplings involved. 

• Signal sample with CP even and CP odd are generated.
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-1dt = 3000 fb L
  ∫
 = 14 TeVs

~33 signal events  
~22 background events

ATL-PHYS-PUB-2013-014

Observation possible at HL-LHC


