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• W/Z discovered in ’83. Still discussing today how to improve the 
measurement of their properties! Hadron colliders played, are playing and 
will continue playing a key role in this game

‣ reasonable to expect the same will be true for the Higgs 30-40 yrs after 
2012

• Precision measurements of Higgs properties are the guaranteed deliverable 
of any future energy-frontier facility

‣ set performance benchmarks, and allow cross-comparisons among 
facilities

‣ little we know of physics at the TeV scale!! (see the 750 GeV excitement)

• Higgs will soon become an analysis tool, if not a background, like W/Z and 
like the top quark

‣ need to learn how to deal with and optimize the exploitation of large 
samples

• pp@100 TeV vs e+e–  (LC or CC): complementarity, synergy and more .... 
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discussing ....

• Statistics. To control systematics, monitor backgrounds, reduce 
backgrounds or systematics via tighter cuts, validate theoretical 
estimates and modeling, ....

• Theory predictivity and systematics. Obvious 
requirement. Impossible to predict where we’ll be 40 yrs from 
now. We’re today where we never thought possible only 5 years 
ago! (e.g. gg→H at NNNLO, PDF uncertainty at ±3%, ...)

• Detector performance and systematics.  Ditto! (e.g. PU 
control, b-tagging, E-flow, 1MHz to HLT, 1kHz to tape, ...)

3



Guidelines for the exploration of 
measurement potential

4



Guidelines for the exploration of 
measurement potential

• Statistics. 

• Plenty at 100 TeV

• Is it just a sqrt(N) scaling from LHC, till we hit LHC systematics? 
Or are there new features in the data that allows us to push 
beyond the systematics wall? 

4



Guidelines for the exploration of 
measurement potential

• Statistics. 

• Plenty at 100 TeV

• Is it just a sqrt(N) scaling from LHC, till we hit LHC systematics? 
Or are there new features in the data that allows us to push 
beyond the systematics wall? 

• Systematics.

• No point placing conservative constraints today

• Account for irreducible bg’s, but assume ideal performance to 
establish ideal reach, and take it from there to assess desirable 
performance benchmarks

• Explore opportunities for validation and reduction of TH 
systematics (control samples, correlated measurements, ratios of 
observables, ....)
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TH progress, an example

linear sum of all but PDF and αS

Anastasiou,  Duhr, Dulat, Herzog, Mistlberger, arXiv:1503.06056
(100 TeV analysis to appear in FCC report on “Physics opportunties at 100 TeV”, April 2016)

http://arxiv.org/abs/arXiv:1503.06056
http://arxiv.org/abs/arXiv:1503.06056


8 TeV

19 pb

1.6 pb

0.7 pb

0.4 pb

0.13 pb

0.20 pb

Cross sections at 100 TeV

LHC Higgs XS WG  https://cern.ch/twiki/bin/view/LHCPhysics/HiggsEuropeanStrategy

~800 at N3LO (16)stays ~50 at N3LO 

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HiggsEuropeanStrategy
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HiggsEuropeanStrategy


N100 N100 /N8 N100 /N14

gg→H 16 G 4.2 × 104 110

VBF 1.6 G 5.1 × 104 120

WH 320 M 2.3 × 104 66

ZH 220 M 2.8 × 104 84

ttH 760 M 29 × 104 420

gg→HH 28 M 280

Rate comparisons at 8, 14, 100 TeV

N100 = σ100 TeV × 20 ab–1

N8 = σ8 TeV × 20 fb–1

N14 = σ14 TeV × 3 ab–1

Statistical precision:
- O(100 - 500) better w.r.t Run 1
- O(10 - 20) better w.r.t HL-LHC



Example, H→γγ (fiducial, all channels)

8 TeV reference results from ATLAS, arXiv:1407.4222

Fiducial cross section for |ηγ| < 2.37, with pT γmax
 / mγγ > 0.35 and pT γmin

 / mγγ > 0.25

Fiducial volume acceptance: εfid ~ 3/4

Detection efficiency within fiducial volume: εeff ~ 2/3

⇒ Nsignal  ~ 3/4 * 2/3 * σ(pp→H) * BR(H→γγ) * Lum ~ 10–3 σ(pp→H) * Lum

Signal dominated by gg→H

Observe 570 ± 130 signal events, over a bg of ~16000 events ( | mγγ – 125 | < 4 GeV )

Extract  σFIDUCIAL(pp→H→γγ) = 43.2 ± 9.4 (stat.) +3.2 (syst.) ± 1.2 (lumi) fb

δ (σ·B) / (σ·B) ~ 22% (stat.) + 7% (syst.) ± 3% (lumi)



Example, H→γγ (fiducial, all channels)

δ (σ·B) / (σ·B) ~ 22% (stat.) + 7% (syst.) ± 3% (lumi)

Extrapolations

(assume bg XS scales like signal, an overestimate since gg→γγ is not the dominant 
process at 8 TeV ....)

8 TeV 20 fb–1

δ (σ·B) / (σ·B) ~ 3.5 % (stat.) + X14 % (syst.) ± 3% (lumi)

14 TeV 300 fb–1   (N14/N8 ~ 40)

Cfr: ATLAS ATL-PHYS-PUB-2013-007 for TOTAL rate, not FIDUCIAL ....

H→γγ with TH syst’s without TH syst’s

300 fb–1 15% 8.1%

3000 fb–1 13% 4.0%

14 TeV 3000 fb–1   (N14/N8 ~ 400)

δ (σ·B) / (σ·B) ~ 0.1 % (stat.) + X100 % (syst.)

100 TeV 20 ab–1   (N100/N8 ~ 40000)

δ (σ·B) / (σ·B) ~ 1 % (stat.) + X14 % (syst.) ± 3% (lumi)



Examples of handles to improve on the modeling 
systematics with larger statistics

ATLAS, arXiv:1504.05833

Reduce all statistical uncertainties by ~ 200 !!
No need to use MC’s to model H pt spectrum, Njet rates, etc.etc.



Reach at high pT

Using as in the 8 TeV analysis Nobs(pp→H→γγ) ~ 1/2 σ(pp→H) * BR(H→γγ) * Lum

~ εfid x εeff

and assuming it holds even at high pT (where we’d expect acceptance to be larger, 
but ?? ID efficiency ??)

☀

EFT, mtop=∞

mtop=173 GeV

☀ QCD γγ bg, |m(γγ)-mH|<4 GeV

☀

☀
☀
☀
☀

☀
☀

☀
☀



Example, H→ZZ*→4 ℓ (fiducial, all channels) 
8 TeV reference results from ATLAS, arXiv:1504.05833

Fiducial cross section for m4ℓ in 118-129 GeV,    |ημ| < 2.7, |ηe| < 2.47 

with pT ℓ > 20, 15, 10 GeV and 6 (7) GeV for softest lepton if μ (e)

Fiducial volume acceptance: εfid ~ 1/2

Detection efficiency within fiducial volume: εeff ~ 1/2

⇒ Nsignal  ~ 1/2*1/2 * σ(pp→H) * BR(H→4 ℓ) * Lum ~ 3 ·10–5 σ(pp→H) * Lum

Signal dominated by gg→H, bg mostly qqbar→ZZ* => S/B improves at 100 TeV

Observe 24 ± 6 signal events, over a bg of ~ 9 events

Extract  σFIDUCIAL(pp→H→4 ℓ) = 2.1 ± 0.5 (stat.) +0.08 (syst.) fb

δ (σ·B) / (σ·B) ~ 25% (stat.) + 4% (syst.)

(SM expectation = 1.30 ± 0.13 fb)



Example, H→ZZ*→4 ℓ (fiducial, all channels)

δ (σ·B) / (σ·B) ~ 25% (stat.) + 4% (syst.)

Extrapolations

(assume bg XS scales like signal, an overestimate since gg→ZZ* is not the 
dominant process at 8 TeV ....)

8 TeV 20 fb–1

δ (σ·B) / (σ·B) ~ 4 % (stat.) + X14 % (syst.)

14 TeV 300 fb–1   (N14/N8 ~ 40)

Cfr: ATLAS ATL-PHYS-PUB-2013-007 for TOTAL rate, not FIDUCIAL ....

H→γγ with TH syst’s without TH syst’s

300 fb–1 16% 9.3%

3000 fb–1 13% 4.7%

14 TeV 3000 fb–1   (N14/N8 ~ 400)

δ (σ·B) / (σ·B) ~ 0.1 % (stat.) + X100 % (syst.)

100 TeV 20 ab–1   (N100/N8 ~ 40000)

δ (σ·B) / (σ·B) ~ 1.3 % (stat.) + X14 % (syst.)



• Possibility to get a sub-% precision measurement of 
B(ZZ*)/B(γγ) ?

• Could export B(ZZ*) absolute measurement from e
+e– to sub-% absolute determination of B(γγ)
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Reach for H→4 leptons at high pT

EFT, mtop=∞

mtop=173 GeV



              30              50             100            150            200	
20.00     0.141E-01 0.160E-01 0.185E-01 0.197E-01 0.206E-01
30.00     0.149E-01 0.170E-01 0.193E-01 0.201E-01 0.209E-01
40.00     0.165E-01 0.185E-01 0.201E-01 0.206E-01 0.212E-01
50.00     0.194E-01 0.204E-01 0.209E-01 0.213E-01 0.218E-01
75.00     0.235E-01 0.235E-01 0.234E-01 0.232E-01 0.233E-01
100.00   0.254E-01 0.254E-01 0.254E-01 0.254E-01 0.252E-01

pt H min

pt mu min

Example: H→μμ statistical precision vs pTmin(μ) vs Δmμμ resolution (Bkg=off-shell DY)

Δmμμ = ± 2.5 GeV

√B/S for 10ab–1

 20.00    0.902E-02 0.102E-01 0.119E-01 0.128E-01 0.135E-01
 30.00    0.953E-02 0.109E-01 0.124E-01 0.130E-01 0.137E-01
 40.00    0.105E-01 0.119E-01 0.129E-01 0.134E-01 0.139E-01
 50.00    0.124E-01 0.131E-01 0.135E-01 0.139E-01 0.143E-01
 75.00    0.153E-01 0.153E-01 0.153E-01 0.152E-01 0.153E-01
100.00   0.168E-01 0.168E-01 0.168E-01 0.168E-01 0.167E-01

pt mu min
√B/S for 10ab–1 pt H min

Δmμμ = ± 1 GeV

LO only, no K factors

16

1 % level measurement of B(H→μμ)/B(H→γγ) ?

Similar numbers for (H→Zγ) ...



Reach for H→bb at high pT

H→bb

QCD jet + b-bbar, 
         with |m(bb)–mH|<15 GeV

jet + [Z*→b-bbar], 
        with |m(bb)–mH|<15 GeV

Higgs →bb tagging at multi-TeV ?
S/√B ~ 1 at pT min ~ 3 TeV, but plenty of room to outsmart the QCD rate ....



Various production procs at high pT

ttH

gg→H

VBF

[W→eν]H



H→J/ψ γ ?

gg→H

VBF

[W→eν]H

N(pT,H>pT,min ; H→J/ψ γ), 20 ab–1

BR(H→J/ψ γ) = 2.8 x 10–6



VBF Karlberg SM@100 TeV 
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t

t
H

t

t
Z

vs

- Identical production dynamics:

o correlated QCD corrections, correlated scale dependence
o correlated αS systematics

- mZ~mH ⇒ almost identical kinematic boundaries:

o correlated PDF systematics
o correlated mtop systematics

To the extent that the qqbar → tt Z/H contributions are subdominant:

+

For a given ytop, we expect σ(ttH)/σ(ttZ) 
to be predicted with great precision

t

t

H

t

t

Z
t

t

Z

+

+

21

arXiv:1507.08169Top Yukawa coupling from σ(ttH)/σ(ttZ)

http://arxiv.org/abs/arXiv:1507.08169
http://arxiv.org/abs/arXiv:1507.08169


σ(gg→ttZ)/ σ(ttZ) , for pT(Z)> pT,min

14 TeV

100 TeV

pT,min

At 100 TeV, gg→tt X is indeed dominant ....

NB: At lower pT values, gg fraction is slightly larger for ttZ than for ttH, since 
mZ<mH 22
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Cross section ratio stability

scale PDF
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Cross section ratio stability

Production kinematics ratio stability scale PDF
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⇒ huge rates, exploit 

boosted topologies

Events/20ab–1 , with tt→𝓵ν+jets

 arXiv:1507.08169

http://arxiv.org/abs/arXiv:1507.08169
http://arxiv.org/abs/arXiv:1507.08169
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⇒ huge rates, exploit 

boosted topologies

Events/20ab–1 , with tt→𝓵ν+jets

 arXiv:1507.08169

60 80 100 120 1400

2

4

6

8

310×

 [GeV]recm

GeV
1 

recdm
dN <0.41τ/2τoptimalR + 

Htt

Ztt
- δyt (stat + syst TH) ~ 1%

- great potential to reduce to similar 
levels δexp syst 
- consider other decay modes, e.g. 2l2nu

Top fat C/A jet(s) with R = 1.2, |y| < 2.5, 
and pT,j > 200 GeV

http://arxiv.org/abs/arXiv:1507.08169
http://arxiv.org/abs/arXiv:1507.08169


ZH at large mass

• Sensitivity to anomalous VVH couplings 
complementary to what given by high-precision 
B(H→VV) measurements ?

• Optimal use of boosted object tagging, to access 
both hadronic and leptonic W/Z decays, H→bb, etc, 

V*

V

H

Q=m(VH)

dashes: pp-> Zbb, 
mbb=[120-130] GeV



H

jet

W• At large pT, important contribution 
from the following diagram:

• Production in this kinematics tends to have small m(HW), and the WH 
system recoiling against the jet

E.g for events with pT(jet) > 1 TeV

pT(H)/pT(W) ΔR(WH)



103 x σ[ W H + jet ] / σ[ W + jet ], 

with pT (jet) > pT,min

pT,min (GeV)

H
jet

W

jet

W

At hight pT 
Prob [ W → WH ] ~ 1.5 x 10–3



ΔRW,(bb)ΔRWH

Ex. WH→e ν bb at large pT(WH)

H

jet

W

b
b

b
b

W

jet

Signal Bg

pT(jet) > 500 GeV

100< m(bb) < 150 GeV

σ=5fb → σ(ΔR<1)=2.8fb σ=50fb → σ(ΔR<1)=3.5fb

S/B: 1/10 → ~1/1 with 60% efficiency ! 28



Higgs selfcouplings: pp→HH

• gg→HH (most promising?) , qq→HHqq (via VBF)

• Reference benchmark process: HH→bb γγ
• Goal: 5% (or better) precision for SM selfcoupling

Work in progress to compare studies, harmonize 
performance assumptions, optimize, etc
⇒ ideal benchmarking framework

29

He, Ren Yao

arXiv:1506.03302

http://arxiv.org/abs/arXiv:1506.03302
http://arxiv.org/abs/arXiv:1506.03302


HHH production and quartic coupling constraints
Papaefstathiou, Sakurai, arXiv:1508.06524

http://arxiv.org/abs/arXiv:1508.06524
http://arxiv.org/abs/arXiv:1508.06524


P.Torrielli, arXiv:1407.1623

Rare production modes: 
any good use for them?



Conclusions
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• With the exception of ttH and HH, where some attempt at 
complete analyses has been made, there is no serious quantitative 
study of the actual precision potential of a 100 TeV pp collider at 20 
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novel kinematical regimes

• Once a more complete assessment has been made, open questions 
will include:
• what’s the synergy/complementarity with the e+e– collider results?
• is the sensitivity obtained from Higgs studies superior, inferior, or 

just complementary to the reach of direct BSM searches at 100 
TeV?

• how far can we push the detector technology to maximize the 
Higgs measurement capabilities?

• ....
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