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Quick Reminder: What is the FCC ?
• Future-Circular-Colliders


• Goal: Build a 80-100km tunnel to host new collider(s) 

• pp-collider (FCC-hh) defining infrastructure requirements 


•  8.3 Tesla (LHC dipoles) ⇒ √s=42 TeV pp in 100km (NbTi) 


•  16 Tesla ⇒ √s=100 TeV pp in 100km (NbSn3)


• 20 Tesla ⇒ √s=100TeV pp in 80km (HTS)


• e+e- collider (FCC-ee, old TLep) as potential intermediate step

• p-e option (FCC-he) 
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FCC-hh structure 3

FCC hh workshop: http://indico.cern.ch/event/304759/other-view?view=standard
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Topics Higgs & EW Symmetry Breaking

• Precision studies of Higgs Properties 
• Rare Higgs production and decays

• High-mass WW scattering 
• high-mass HH production 
• Additional BSM Higgs bosons: discovery reach and precision 

physics program

• New handles on the study of non-SM EWSM dynamics 
• New ideas !
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 Higgs pair production is one of the most crucial processes for future LHC runs, since it allows to perform 
stringent tests of our understanding of electroweak symmetry breaking

 In the SM, the dominant process is gluon fusion, with ~33 fb (~1.5 pb) at 14 TeV (100 TeV): direct sensitivity 
to the Higgs trilinear coupling �3 

 Higgs pair production in Vector-Boson Fusion is small in the SM: 2 fb (80 fb) at 14 TeV (100 TeV), yet 
provides unique information on the hhVV coupling 

 VBF Higgs pair production can be substantially enhanced in scenarios where electroweak symmetry 
breaking is broken by new strong dynamics (like in composite Higgs models)

 Closely related process to the dynamics WW scattering

Unique direct sensitivity to the 
hhVV coupling and the the 

EWSB unitarization mechanism

Juan Rojo                                                                                                         Higgs/BSM FCC meeting, CERN, 24/11/2014

Juan Rojo



Precision Higgs Studies

• Extrapolation of basic Higgs 
channels

• ‘A Higgs factory’

• σggF = 740 pb


• cf. ~800 pb for ttbar at LHC

• VBF provide input for detector η 

coverage

• Theoretical errors are key, including 

uncertainties on EFT treatment
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1. SM Higgs in the main channels

Main Higgs production channels

Update production cross sections
and evaluate theory uncertainties
• gg→H at NNLO QCD+NLO EW
• VBF at NNLO QCD + NLO EW
• VH at NNLO QCD + NLO EW
• ttH at NLO: MC@NLO
... still to come: distributions?

NNLO QCD + NLO EW

NLO QCD

NNLO QCD + NNLO EW

qq̄ → ZH
qq̄′ → WH

qq′ → Hqq′

gg → H
MH = 125 GeV

σ(pp → H + X) [pb]

√
s [TeV]
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FCC CERN, 24/11/2014 Higgs cross sections – Baglio+Quevillon+Djouadi – p.2/7

1. SM Higgs in the main channels

Process σNNLO[pb] Scale[%] PDF+αs[%] EFT[%] Total [%]

gg → H 788.6 +7.1 −6.1 +8.3 −8.0 ±5 +20 −19

qq′ → Hqq 68.74 +2.2 −2.1 +3.1 −3.2 0 +5.3 −5.2

qq̄′ → WH 15.88 +0.7 −0.1 +5.0 −4.7 0 +5.7 −4.8

qq̄ → ZH 11.28 +1.8 −1.7 +4.5 −4.3 0 +6.3 −6.0

Table 1: Total Higg production cross section at NNLO QCD+NLO EW in
the ggF VBF, HW and HZ processes (in pb) at

√
s=100 TeV at the central

scales forMH=125 GeV and the theoretical uncertainties.

FCC CERN, 24/11/2014 Higgs cross sections – Baglio+Quevillon+Djouadi – p.3/7

Baglio+Quevillon+Djouadi
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HH Production

• Measuring HH production at the 
LHC will be very difficult


• The energy and luminosity of the 
FCC make it far more accessible

• Even potentially non-traditional 

channels like bbμμ

• Also ttHH, VBF HH, etc.

• Clear benchmark for FCC-hh
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5&

Higgs selfcoupling in ttHH
[Frederix et al. PLB 732 (2014)]

ttHH cross section grows over-
proportionally compared to other channels

6Higgs/EWSB  Group      Michael Spannowsky             24.11.2014                   

Sergei Chekanov

14 TeV predictions for measurement of Higgs selfcoupling
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FIG. 1: Sample Feynman graphs contributing to pp → hh+X. Graphs of type (a) yield vanishing contributions due to color
conservation.

cal configuration†, which is characterized by a large di-
higgs invariant mass, but with a potentially smaller Higgs
s-channel suppression than encountered in the back-to-
back configuration of gg → hh.
The goal of this paper is to provide a comparative

study of the prospects of the measurement of the trilinear
Higgs coupling applying contemporary simulation and
analysis techniques. In the light of recent LHC measure-
ments, we focus our eventual analyses on mh = 125 GeV.
However, we also put this particular mass into the con-
text of a complete discussion of the sensitivity towards
the trilinear Higgs coupling over the entire Higgs mass
range mh

<∼ 1 TeV. As we will see, mh ≃ 125 GeV is a
rather special case. Since Higgs self-coupling measure-
ments involve end-of-lifetime luminosities we base our
analyses on a center-of-mass energy of 14 TeV.
We begin with a discussion of some general aspects

of double Higgs production, before we review inclusive
searches for mh = 125 GeV in the pp → hh+X channel
in Sec. II C. We discuss boosted Higgs final states in pp →
hh+X in Sec. II D before we discuss pp → hh+j+X with
the Higgses recoiling against a hard jet in Sec. III. Doing
so we investigate the potential sensitivity at the parton-
and signal-level to define an analysis strategy before we
apply it to the fully showered and hadronized final state.
We give our conclusions in Sec. IV.

II. HIGGS PAIR PRODUCTION AT THE LHC

A. General Remarks

Inclusive Higgs pair production has already been stud-
ied in Refs. [14–17] so we limit ourselves to the details
that are relevant for our analysis.
Higgs pairs are produced at hadron colliders such as

the LHC via a range of partonic subprocesses, the most
dominant of which are depicted in Fig. 1. An approxima-
tion which is often employed in phenomenological studies
is the heavy top quark limit, which gives rise to effective

†The phenomenology of such configurations can also be treated sep-
arately from radiative correction contributions to pp → hh+X.

ggh and gghh interactions [20]

Leff =
1

4

αs

3π
Ga

µνG
aµν log(1 + h/v) , (2)

which upon expansion leads to

L ⊃ +
1

4

αs

3πv
Ga

µνG
aµνh−

1

4

αs

6πv2
Ga

µνG
aµνh2 . (3)

Studying these operators in the hh+X final state should
in principle allow the Higgs self-coupling to be con-
strained via the relative contribution of trilinear and
quartic interactions to the integrated cross section. Note
that the operators in Eq. (3) have different signs which
indicates important interference between the (nested)
three- and four point contributions to pp → hh + X al-
ready at the effective theory level.
On the other hand, it is known that the effective theory

of Eq. (3) insufficiently reproduces all kinematical prop-
erties of the full theory if the interactions are probed
at momentum transfers Q2 >∼ m2

t [11] and the massive
quark loops are resolved. Since our analysis partly re-
lies on boosted final states, we need to take into account
the full one-loop contribution to dihiggs production to
realistically model the phenomenology.

B. Parton-level considerations

In order to properly take into account the full dynam-
ics of Higgs pair production in the SM we have imple-
mented the matrix element that follows from Fig. 1 in
the Vbfnlo framework [21] with the help of the Fey-

nArts/FormCalc/LoopTools packages [22], with
modifications such to include a non-SM trilinear Higgs
coupling‡. Our setup allows us to obtain event files ac-
cording to the Les Houches standard [23], which can be
straightforwardly interfaced to parton showers. Decay
correlations are trivially incorporated due to the spin-0
nature of the SM Higgs boson.

‡The signal Monte Carlo code underlying this study is planned to
become part of the next update of Vbfnlo and is available upon
request until then.
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VBF HH Production

• VBF production provides unique 
information on the HHVV 
coupling

• Can be substantially 

enhanced in scenarios where 
EW symmetry breaking is 
broken by strong dynamics


• Need large η coverage

• FCC would provide powerful 

constraints on non-SM couplings
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4

Standard VBF selection cuts to suppress background (including central jet veto)
Instrumenting the FCC detectors up to very forward rapidities crucial to avoid efficiency loss

Threshold region challenging because moderate pt jets, huge background, but sensitivity to c2v from boosted region

8

�C3

2b2�

4b

 In the 4b final state, 14 TeV with 300 fb-1 

(3000 fb-1) the hhVV coupling can be 
measured with good precision: ~25-30% 
(10-15%)

 As expected, the precision on the Higgs 
trilinear coupling is worse than in gg->hh 
(since backgrounds dominate hh threshold 
region)

 At the FCC, the hhVV coupling can be 
pinned down with very high, few percent 
precision

 We have included a 50% error in the 
backgrounds, to account for theory and 
experimental uncertainties

 Encouraging to begin to explore Higgs 
pair-production in VBF already at the LHC 
Run II

 At the FCC we can do high precision 
physics and improve our precision by an 
order of magnitude

PRELIMINARY
LHC 14 TeV 300 fb-1

LHC 14 TeV 3 ab-1

FCC 100 TeV 
3 ab-1

�C3

�C2V

68% CL exclusion limits 
for SM central values

�C3

�C2V

Juan Rojo                                                                                                         Higgs/BSM FCC meeting, CERN, 24/11/2014
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Conclusion

• The FCC-hh Higgs program is an exciting playground for the future

• Currently exploring the physics potential of such a machine

• Next: determine a few selected benchmark studies to provide input 

into the machine and detector design

• The work so far has largely driven by theorists


• Excellent opportunity for experimentalists to participate

• Feel free to contact us with ideas !


• Not so often that we get to dream what physics might be possible 
and how we might design a detector


• Higgs and BSM @ 100 TeV workshop, CERN, March 11-13 2015

• https://indico.cern.ch/event/352868/


• FCC week 2015, Washington DC, 23-27 March 2015

• http://indico.cern.ch/event/340703/
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