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A. Papaefstathiou

past research (in 2 min.)
• past research, in brief:

•  NMSSM Higgs bosons: central exclusive production @ LHC.

• W-primes @ NLO + parton shower (MC@NLO/POWHEG),

• 3rd-gen. Leptoquarks @ the LHC,

• methods to reconstruct helicity of 3rd-gen resonances,

• QCD resummation: 

✦ total invariant mass, 

✦ associated transverse energy in Higgs production.
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[Forshaw, Gunion, Hodgkinson, AP, Pilkington, 0712.3510 ]

[AP, Latunde-Dada, 0901.3685]

[Gripaios, AP, Sakurai, Webber,  1010.3962]  

[AP, Sakurai,  1112.3956]  

[AP, Webber, 0903.2013, 1002.4375]

[AP, Webber, Smillie, 1002.4375] and [Grazzini, AP, Webber, Smillie, 1403.3394]
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past research (in 2 min.)

• past research, continued: 

• colour structure of the the top-anti-top asymmetry at 
the Tevatron, 

• SUSY decays to Higgs bosons. 
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[AP, Sakurai, Takeuchi, 1404.1077]

[Gripaios, AP, Webber, 1309.0810]
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current research interests

• multi-Higgs production at colliders (LHC, pp@100 TeV),

• multi-jet merging at NLO,

• Herwig++/Herwig 7 event generator, 

• …
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why multi-Higgs?

6

• multi-Higgs production allows us to probe the self-
coupling Higgs sector, e.g.:
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[AP, Sakurai, 1508.06524]



A. Papaefstathiou

why multi-Higgs?

6

• multi-Higgs production allows us to probe the self-
coupling Higgs sector, e.g.:

� �̃, :   possible deviations from the SM. 

L � �1

2
m2

hh
2 � m2

h

2v
(1 + �)h3 � m2

h

8v2
(1 + �̃)h4

[AP, Sakurai, 1508.06524]



A. Papaefstathiou

why multi-Higgs?

6

• multi-Higgs production allows us to probe the self-
coupling Higgs sector, e.g.:

• production of (n-1) Higgs bosons probes hn terms.

n = 2

n = 3

n =  4

� �̃, :   possible deviations from the SM. 

L � �1

2
m2

hh
2 � m2

h

2v
(1 + �)h3 � m2

h

8v2
(1 + �̃)h4

[AP, Sakurai, 1508.06524]



A. Papaefstathiou

why multi-Higgs?

6

• multi-Higgs production allows us to probe the self-
coupling Higgs sector, e.g.:

(Higgs boson 
discovery)

• production of (n-1) Higgs bosons probes hn terms.

n = 2

n = 3

n =  4

� �̃, :   possible deviations from the SM. 

L � �1

2
m2

hh
2 � m2

h

2v
(1 + �)h3 � m2

h

8v2
(1 + �̃)h4

[AP, Sakurai, 1508.06524]



A. Papaefstathiou

why multi-Higgs?

6

• multi-Higgs production allows us to probe the self-
coupling Higgs sector, e.g.:

(Higgs boson 
discovery)

(LHC, FCC-hh)

• production of (n-1) Higgs bosons probes hn terms.

n = 2

n = 3

n =  4

� �̃, :   possible deviations from the SM. 

L � �1

2
m2

hh
2 � m2

h

2v
(1 + �)h3 � m2

h

8v2
(1 + �̃)h4

[AP, Sakurai, 1508.06524]



A. Papaefstathiou

why multi-Higgs?

6

• multi-Higgs production allows us to probe the self-
coupling Higgs sector, e.g.:

(Higgs boson 
discovery)

(LHC, FCC-hh)

• production of (n-1) Higgs bosons probes hn terms.

n = 2

n = 3

n =  4 (FCC-hh?)?
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A. Papaefstathiou

e.g. pair production

7

• Higgs boson pair production @ LHC, 

• searches: pp ! hh ! (bb̄)(W+W�)

use σ(hh)/σ(h)

g

t, b
t, bg

g

g h

h

h

h

 [AP, Yang, Zurita, 1209.1489]

pp ! hh ! (bb̄)(bb̄)

[Goertz, AP, Yang, Zurita, 1301.3492]

[Ferreira de Lima, AP, Spannowsky, 1404.7139]
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more pair production
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• improved Monte Carlo description using merged 
matrix elements obtained via OpenLoops. [Maierhöfer, AP, 1401.0007]

• dimension-6 operator extension of the SM: what can 
we learn from hh production? [Goertz, AP, Yang, Zurita, 1410.3471]

• hh rare final states at 100 TeV: new channels opening 
up at higher energy? [AP, 1504.04621]
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multi-jet merging at NLO (FxFx)

• MC@NLO method matches the parton shower with next-
to-leading order QCD calculations.

• to improve: add higher-multiplicity NLO-matched 
samples. 

• e.g. Z+0j @ NLO+PS & Z+1j @ NLO+PS & Z+2j @ NLO+PS 
& […]
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[Frederix, Frixione, AP, Prestel, Torrielli, 1511.xxxxx]
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Figure 1: Exclusive jet multiplicity. Data from ref. [28], compared to Herwig++ (left
panel) and Pythia8 (right panel) predictions. The FxFx uncertainty envelope (“Var”)
and the fully-inclusive central result (“inc”) are shown as green bands and red histograms
respectively. See the end of sect. 2 for more details on the layout of the plots.

Figure 2: As in fig. 1, for the transverse momentum of the 1st jet.

Figure 3: As in fig. 1, for the transverse momentum of the 3rd jet.

– 11 –

e.g. ATLAS@7 TeV exclusive jet multiplicity in Z+jets VS
aMC@NLO FxFx with Herwig++ or Pythia8:

NLO-Merged (FxFx): Z+0/1/2j.

MC@NLO: Z+0j.

Pythia8Herwig(++)

improved description 
of higher-

multiplicities!

[Frederix, Frixione, AP, Prestel, Torrielli, 1511.xxxxx]
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“bleeding edge”
• the spin-2 form-factor Higgs boson pair production: 

are we missing something here? 

• “true” next-to-leading log parton showers: where 
are they? do we need them?

• di-Scalar production at 14 TeV/100 TeV,

• […]
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Made with Text2MindMap.com
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Thanks for your attention!
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• tiny cross section at LHC14 (~0.1 fb),

• still challenging at FCC-hh: SM σ @ 100 TeV ~ 5 fb!

• ‘high-luminosity’ FCC-hh could probe it (30/ab).

• e.g. in                                    .

• but: quartic hard to probe!

[AP, Sakurai, 1508.06524]
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triple production at 100 TeV

[Plehn, Rauch, hep-ph/0507321, Binoth, Karg, Kauer, Rückl, hep-ph/0608057, Maltoni, Vryonidou, Zaro, 1408.6542]
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FIG. 2: Example Feynman diagrams contributing to Higgs boson triple production via gluon fusion in the Standard Model.
The vertices highlighted with a blobs indicate either triple (blue) or quartic (red) self-coupling contributions.

(a) (b)

FIG. 3: Total cross section ratios normalised to the Standard Model values for gluon-fusion-initiated multi-Higgs production
at 100 TeV. The Higgs boson mass was fixed to m

h

= 125 GeV. The SM cross section at leading order is ⇠ 2.88 fb. On the
left-hand panel we show a contour plot of the variation of the cross section ratio with respect to the c3 and d4 parameters (see
Eq. 1)). On the right-hand panel one can see the variation with respect to the SM in a theory where the SM is extended with
a O6 ⇠ |H|6 operator as in Eq. 2, for both Higgs boson pair production (hh) and Higgs boson triple production (hhh). For
both calculations, the NNPDF23 nlo as 0119 parton density function set was used.

• to possess greater than 100 events at 30 ab�1 of
integrated luminosity,

• and all gauge bosons fully decay to leptons,

then we are left with the following interesting final states:
(bb̄)(bb̄)(bb̄), (bb̄)(bb̄)(⌧ ⌧̄), (bb̄)(bb̄)(WW

2`), (bb̄)(⌧ ⌧̄)(⌧ ⌧̄),
(bb̄)(bb̄)(��), (bb̄)(⌧ ⌧̄)(WW

2`). In particular, the ex-
pected combined number of events in the multi-b-jet
and multi-⌧ final states is ⇠45000 over the lifetime of
the FCC-hh, and will most likely provide valuable in-
formation on the triple Higgs boson process. In the
present study we focus on the rare but clean final state
(bb̄)(bb̄)(��).

IV. EVENT GENERATION AND DETECTOR
SIMULATION

A. Detector simulation

In the hadron-level analysis that follows, we consider
all particles within a pseudorapidity of |⌘| < 5 and
pT > 400 MeV. We reconstruct jets using the anti-kt
algorithm available in the FastJet package [82, 83], with
a radius parameter of R = 0.4. We only consider jets
with pT > 40 GeV within |⌘| < 3.0 in our analysis. We
consider photons within |⌘| < 3.5 and pT > 40 GeV and
100% reconstruction e�ciency. The jet-to-photon mis-
identification probability is taken to be Pj!� = 10�3,
flat over all momenta above the pT cut and over all pseu-

hhh ! (bb̄)(bb̄)(��)


