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S1

S3

S2
• direct production, in this talk:

Higgs pair production.

Higgs triple production.

Higgs-New Scalar production.

! !

! !

! !

S1 = S2 = S3 = h

S4(                           )

S1 = S2 = S3 = S4 = h

�3

�4

�HSS1 = h, S2 = S, S3 = {S, h}
“portal coupling”
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comments (I):
• “self-coupling” diagrams not the only diagrams 

contributing to the multi-Scalar final states.

• in fact, could be suppressed with respect to other 
diagrams: e.g. propagator suppression. 
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comments (II):

• the scalar “self-couplings” can appear in loop 
diagrams. 

• “precision” measurements could probe them.
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contents:
• multi-Higgs (hh, hhh) production,

• indirect constraints on Higgs self-
couplings,

• Higgs-Heavy Scalar (hS) associated 
production,

• conclusions. 
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multi-Higgs production
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SU(2)⇥ U(1) gauge symmetry,

+ complex doublet scalar,     ,             

+ potential for     :                 . V(H†H)H

H

motivation

• “standard” electroweak recipe in Standard Model:

• ingredients:
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motivation
• instructions:

• choose minimum in particular direction, keep U(1) 
invariance       electroweak symmetry breaking. 

• fluctuations of scalar field about minimum.

• gauge transformation: absorb Goldstone modes into the 
gauge bosons.
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motivation
• instructions:

• choose minimum in particular direction, keep U(1) 
invariance       electroweak symmetry breaking. 

• fluctuations of scalar field about minimum.

• gauge transformation: absorb Goldstone modes into the 
gauge bosons.
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motivation
• instructions:

• choose minimum in particular direction, keep U(1) 
invariance       electroweak symmetry breaking. 

• fluctuations of scalar field about minimum.

• gauge transformation: absorb Goldstone modes into the 
gauge bosons.
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motivation
• the potential for the physical scalar Higgs boson, h:

11

• v=246 GeV [through four-fermion interactions via the 
Fermi constant.] and Higgs boson mass, mh ~ 125 GeV.

• can predict all coefficients of hn, within SM.

• consistency with SM  a probe for new physics (c3, d4).

L � �1

2
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h3 � m2
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8v2
h4
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motivation
• the potential for the physical scalar Higgs boson, h:

11

• v=246 GeV [through four-fermion interactions via the 
Fermi constant.] and Higgs boson mass, mh ~ 125 GeV.

• can predict all coefficients of hn, within SM.

• consistency with SM  a probe for new physics (c3, d4).

L � �1

2
m2

hh
2 � m2

h

2v
(1 + c3)h

3 � m2
h

8v2
(1 + d4)h
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multi-Higgs cross sections
• cross sections small for > one Higgs boson:

12

process pp@14 TeV pp@100 TeV

single Higgs ~50 000 fb ~800 000 fb

double Higgs ~50 fb ~1800 fb

triple Higgs ~0.1 fb ~5 fb

[see, e.g., LHCHXSWG YR4: 1610.07922 and FCC-hh Higgs report: 1606.09408.]

⇥O(10�3)

⇥O(10�3)
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Higgs boson pair production
• dominant piece of hh: gluon fusion, via heavy quark loops,

• at leading order:

13

g

gg

g

t, b

t, b

h

h

h

h

• cannot use heavy top mass approximation (Higgs 
Effective Field Theory = HEFT) to “shrink” loops, since:

Q2 � 4m2
h > m2

t

“triangle” “box”

λ3

[for VBF hh study: Bishara, Contino, Rojo, 1611.03860]
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LO hh: anatomy

14

g

gg

g

t, b

t, b

h

h

h

h

M = M4 +M⇤

andwith

tensors: and

M⇤ = ↵⇤A1µ⌫ + �⇤A2µ⌫M4 = ↵4A1µ⌫

A1 ·A2 = 0

A1 : A2 :

correspond to spin configurations for the gluons:

Sz = 0 Sz = 2

[Plehn, Spira, Zerwas, hep-ph/9603205,  Binoth, Karg, Kauer, Rückl, hep-ph/0608057]

A1 ·A1 = A2 ·A2 = 2
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LO hh: anatomy

15

g

gg

g

t, b

t, b

h

h

h

h

M = M4 +M⇤

andwith M⇤ = ↵⇤A1µ⌫ + �⇤A2µ⌫M4 = ↵4A1µ⌫

�LO
hh (14 TeV) = [5.22

✓
�3

�3,SM

◆
2 � 25.1

✓
�3

�3,SM

◆
+ 37.3] fb

) |M|2 / |↵4|2 + 2Re{↵4↵⇤}+ |↵⇤|2 + |�⇤|2

[Goertz, AP, Yang, Zurita, 1301.3492]
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NLO hh
• full NLO (two-loop) calculation became available in 2016. 

16
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As a further cross-check we have also calculated mass
corrections as an expansion in 1/m

2
t in the following way:

we write the partonic di↵erential cross section as

d�̂exp,N =
N
X

⇢=0

d�̂

(⇢)

✓

⇤

mt

◆2⇢

, (13)

where ⇤ 2
np

ŝ,

p
t̂,

p
û, mh

o

, and determine the first

few terms (up to N = 3) of this asymptotic series with the
help of qgraf [23], q2e/exp [38, 39] and Matad [40],
as well as Reduze [26] and Form [24, 25].

We applied the series expansion to the virtual correc-
tions, combined with the infrared insertion operator I,
such that the expression in brackets below is infrared fi-
nite,

d�̂

virt + d�̂

LO(✏) ⌦ I

⇡ �

d�̂

virt
exp,N + d�̂

LO
exp,N (✏) ⌦ I

�

d�̂

LO(✏)

d�̂

LO
exp,N (✏)

, (14)

such that we can set ✏ = 0 in d�̂

LO
/d�̂

LO
exp,N . There is

some freedom when to do the rescaling, i.e. before/after
the phase-space integration and convolution with the
PDFs. We opt to do it on a fully di↵erential level, i.e. the
rescaling is done for each phase-space point individually.
The comparison of this expansion with the full result is
shown in Fig. 2.

NUMERICAL RESULTS

In our numerical computation we set µR = µF = µ =
mhh/2, where mhh is the invariant mass of the Higgs
boson pair. We use the PDF4LHC15 nlo 100 pdfas [41–
44] parton distribution functions, along with the cor-
responding value for ↵s. The masses have been set to
mh = 125GeV, mt = 173GeV, and the top-quark width
has been set to zero. We use a centre-of-mass energy ofp

s = 14 TeV and no cuts except a technical cut in the
real radiation of p

min
T = 10�4 ·pŝ, which we varied in the

range 10�2  p

min
T /

p
ŝ  10�6 to verify that the contri-

bution to the total cross section is stable and independent
of the cut within the numerical accuracy.

Including the top-mass dependence, we obtain the to-
tal cross section

�

NLO = 32.80+13%
�12% fb ± 0.4% (stat.) ± 0.1% (int.).

In addition to the dependence of the result on the vari-
ation of the scales by a factor of two around the cen-
tral scale, we state the statistical error coming from the
limited number of phase-space points evaluated and the
error stemming from the numerical integration of the am-
plitude. The latter value has been obtained using error
propagation and assuming Gaussian distributed errors

and no correlation between the amplitude-level results.
The value of the cross section is 14% smaller than the
Born-improved HEFT result, �

NLO
HEFT = 38.32+18%

�15% fb.

The results for the mhh distribution are shown in
Fig. 1. We can see that for mhh beyond ⇠ 450 GeV,
the top-quark mass e↵ects lead to a reduction of the
mhh distribution by about 20-30% as compared to the
Born-improved HEFT approximation. We also observe
that the central value of the Born-improved HEFT re-
sult lies outside the NLO scale uncertainty band of the
full result for mhh & 450 GeV, while the FTapprox result,
where the real radiation contains the full mass depen-
dence, lies outside the scale uncertainty band for mhh

beyond ⇠ 550 GeV. The scale uncertainty of the Born-
improved HEFT and FTapprox does not enclose the cen-
tral value of the full result in the tail of the mhh distri-
bution.

In Fig. 2, we show the results for the renormalized
virtual amplitude including the I-operator as defined in
Ref. [34] and compare it to various orders in an expan-
sion in 1/m

2
t , see Eqs. (13),(14). In the upper panel we

normalize to the virtual HEFT result, while in the lower
panel we normalize to the Born-improved HEFT result,
i.e. V

0
N = VN B/BN . The upper panel shows that the

agreement of the full result with the HEFT result is only
good well below the threshold at 2mt. The lower one
demonstrates that the deviations between the full result
and the Born-improved HEFT result are more than 30%
for mhh & 480 GeV.
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FIG. 1. Comparison of the full calculation to various approxi-
mations for the Higgs pair invariant mass distribution. “NLO
HEFT” denotes the e↵ective field theory result, i.e approxi-
mation (i) above, while “FT

approx

” stands for approximation
(ii), where the top-quark mass is taken into account in the real
radiation part only. The band results from scale variations by
a factor of two around the central scale µ = m

hh

/2.

[Borowka, Greiner, Heinrich, Jones, Kerner, Schlenk, 
Schubert, Zicke, 1604.06447]

scale variation uncertainty: 
O(10%)

[c.f. PDF uncertainty: 
O(10%)]

[note also asymptotic expansion: Degrassi, Giardino, Gröber, 1607.04251]NLO K-factor ~ 2.



A. Papaefstathiou

NLO hh
• full NLO (two-loop) calculation became available in 2016. 

16

4

As a further cross-check we have also calculated mass
corrections as an expansion in 1/m

2
t in the following way:

we write the partonic di↵erential cross section as

d�̂exp,N =
N
X

⇢=0

d�̂

(⇢)

✓

⇤

mt

◆2⇢

, (13)

where ⇤ 2
np

ŝ,
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û, mh

o

, and determine the first

few terms (up to N = 3) of this asymptotic series with the
help of qgraf [23], q2e/exp [38, 39] and Matad [40],
as well as Reduze [26] and Form [24, 25].

We applied the series expansion to the virtual correc-
tions, combined with the infrared insertion operator I,
such that the expression in brackets below is infrared fi-
nite,

d�̂

virt + d�̂

LO(✏) ⌦ I

⇡ �

d�̂

virt
exp,N + d�̂

LO
exp,N (✏) ⌦ I

�

d�̂

LO(✏)

d�̂

LO
exp,N (✏)

, (14)

such that we can set ✏ = 0 in d�̂

LO
/d�̂

LO
exp,N . There is

some freedom when to do the rescaling, i.e. before/after
the phase-space integration and convolution with the
PDFs. We opt to do it on a fully di↵erential level, i.e. the
rescaling is done for each phase-space point individually.
The comparison of this expansion with the full result is
shown in Fig. 2.

NUMERICAL RESULTS

In our numerical computation we set µR = µF = µ =
mhh/2, where mhh is the invariant mass of the Higgs
boson pair. We use the PDF4LHC15 nlo 100 pdfas [41–
44] parton distribution functions, along with the cor-
responding value for ↵s. The masses have been set to
mh = 125GeV, mt = 173GeV, and the top-quark width
has been set to zero. We use a centre-of-mass energy ofp

s = 14 TeV and no cuts except a technical cut in the
real radiation of p

min
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FIG. 1. Comparison of the full calculation to various approxi-
mations for the Higgs pair invariant mass distribution. “NLO
HEFT” denotes the e↵ective field theory result, i.e approxi-
mation (i) above, while “FT

approx

” stands for approximation
(ii), where the top-quark mass is taken into account in the real
radiation part only. The band results from scale variations by
a factor of two around the central scale µ = m

hh
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[Borowka, Greiner, Heinrich, Jones, Kerner, Schlenk, 
Schubert, Zicke, 1604.06447]

calculation important.

scale variation uncertainty: 
O(10%)

[c.f. PDF uncertainty: 
O(10%)]

[note also asymptotic expansion: Degrassi, Giardino, Gröber, 1607.04251]NLO K-factor ~ 2.
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FIG. 1. Comparison of the full calculation to various approxi-
mations for the Higgs pair invariant mass distribution. “NLO
HEFT” denotes the e↵ective field theory result, i.e approxi-
mation (i) above, while “FT

approx

” stands for approximation
(ii), where the top-quark mass is taken into account in the real
radiation part only. The band results from scale variations by
a factor of two around the central scale µ = m

hh

/2.

[Borowka, Greiner, Heinrich, Jones, Kerner, Schlenk, 
Schubert, Zicke, 1604.06447]

calculation important.

scale variation uncertainty: 
O(10%)

[c.f. PDF uncertainty: 
O(10%)]

[note also asymptotic expansion: Degrassi, Giardino, Gröber, 1607.04251]NLO K-factor ~ 2.

Next step: match to a 
parton shower!

)
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[even] higher orders for hh

17

[de Florian, Mazzitelli, 1309.6594] 

• NNLO HEFT: cross section increase wrt. NLO: 
~20%.

• threshold resummation to NNLL matched to NLO 
HEFT.

• NNLL matched to NNLO HEFT.

• NLL + full NLO qT resummation.

[de Florian, Mazzitelli, 1505.07122] 

[Shao, Li, Li Wang, 1301.1245] 

[Ferrera, Pires, 1609.01691] 
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hh/hhh Monte Carlos
• up to recently: mostly private implementations, based on 

LO.

• MG5_aMC@NLO: 

• hh and hhh, LO + real emission with full top mass 
dep. + HEFT virtuals, (matched), 

• HERWIG 7: 

• hh, LO, D=6 EFT, hh+0j and hh+1j merged to the 
parton shower. 

• + looking forward to matched full NLO + parton shower.
18

[Maierhöfer, AP, 1401.0007]

[Frederix, Frixione, Hirschi, Maltoni, Mattelaer, Torrielli, 
Vryonidou, Zaro,1401.7340, Maltoni, Vryonidou, Zaro, 
1408.6542]
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multi-Higgs 
searches at colliders

19
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            Roberto Salerno (LLR) - Higgs Coupling 2015 - Lumley Castle - 13/10/2015

Which final states?

4

Branching ratios and production mechanisms are decoupled effects  
Double Higgs boson production has a phenomenologically rich set of final states 
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Draft version 1.0

ATLAS NOTE
February 26, 2013

Study of the spin of the Higgs-like particle in the H ! WW(⇤) ! e⌫µ⌫1

channel with 20.7 fb�1 of
⇧

s = 8 TeV data collected with the ATLAS2

detector3

The ATLAS Collaboration4

Abstract5

Recently, the ATLAS collaboration reported the observation of a new neutral particle6

in the search for the Standard Model Higgs boson. The measured production rate of the7

new particle is consistent with the Standard Model Higgs boson with a mass of about 1258

GeV, but its other physics properties are unknown. Presently, the only constraint on the9

spin of this particle stems from the observed decay mode to two photons, which disfavours10

a spin-1 hypothesis. This note reports on the compatibility of the observed excess in the11

H ⌅ WW(⇥) ⌅ e⇥µ⇥ search arising from either a spin-0 or a spin-2 particle with positive12

charge-parity. Data collected in 2012 with the ATLAS detector favours a spin-0 signal, and13

results in the exclusion of a spin-2 signal at 95% confidence level if one assumes a qq ⌅ X14

production fraction larger than 25% for a spin-2 particle, and at 91% confidence level if one15

assumes pure gg production.16

c⇤ Copyright 2013 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

- John Alison - Experimental Studies of hh Higgs Coupling 2014
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 →SM branching ratios (for mh = 125 GeV) are used as first approximation for all the analyses 
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hh @ LHC
• not sensitive to SM Higgs pair production until ~ a few 

hundred inv. femtobarn.

• currently: limit is at ~50 times the SM cross section.

21

[+ multi-lepton/multi-photon final states.]

boosted or resolved analyses,
CMS: limits on Radion, KK grav.,  

ATLAS: heavy Higgs, non-resonant.

CMS: 0, 1, 2 b-jets, τhτh, eτh, μτh,
ATLAS: 1, 2+ b-jets, eτh, μτh,

CMS: 0, 1, 2+ b-jets.
ATLAS: 2 b-jets.

hh ! (bb̄)(bb̄)

hh ! (bb̄)(⌧+⌧�)

hh ! (bb̄)(��)

[e.g. ATLAS, 1509.04670]
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hh @ HL-LHC

22

• high-luminosity LHC (pp@14 TeV, 3000 fb-1) 
pessimistic, e.g.: 
• CMS, all channels, 2σ observation of SM hh,
•  ATLAS (@ 95% C.L.):

•               , λ3/λ3,SM in [-1.3, 8.7],
•                , λ3/λ3,SM in [-4, 12].

• experiments discussing combination of results.

• O(1) measurement after HL-LHC (?).
[see, e.g., Goertz, AP, Yang, Zurita, 1301.3492]

(bb̄)(��)

(bb̄)(⌧+⌧�)
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• cross section increases dramatically at pp@100 TeV (~1.8 pb),

• several pheno studies focus on                                 . 

• detailed dedicated study as part of the FCC-hh Higgs report [1606.09408].

• + 3% on λ3 at 30 ab-1 of integrated luminosity.

23

double Higgs production at 100 TeV

hh ! (bb̄)(��)
[Azatov, Contino, Panico, Son, 1502.00539, Barr, Dolan, Englert, de Lima, Spannowsky, 1412.7154, He, Ren, Yao, 1506.03302]

Fig. 66: Estimated precision on the measurement of the Higgs trilinear self-coupling as a function of the b-tagging

efficiency. Each plot shows how the precision changes by varying only one parameter, namely the b reconstruction

efficiency pb⇧b (upper left), the c ⌘ b mistag rate (upper right), the j ⌘ b mistag rate (lower left) and the j ⌘ ⇤

mistag rate (lower right). In the case of the j ⌘ ⇤ mistag, on the horizontal axis we give the coefficient � of the

mistag function in Eq. (44). All the results have been obtained in the “Medium” detector performance scenario

with an integrated luminosity of 30 ab�1.

mistag rates (� ↵ 0.05) can significantly affect the achievable precision. This is a consequence of the

fact that the main background, bb̄j⇤, contains one fake photon from jet mis-tagging. Keeping � below

0.02 is enough not to affect significantly the precision on  3.

To conclude, we briefly comment on the possible impact of the theoretical error on the signal

cross section and of the systematic uncertainties on the overall background rate. Table 30 shows how

the precision on the Higgs trilinear coupling varies as a function of the relative error on the signal cross

section, ⇥S � ⇥✏(pp ⌘ hh)/✏(pp ⌘ hh), and of an overall rescaling of the total background by

a factor rB . Notice that an actual experimental analysis will most likely extract the background rate

directly from the data (by fitting for instance the m⇤⇤ distribution away from the Higgs peak, as done

for the diphoton channel in single-Higgs production). The rescaling factor rB should be thus considered

as a way to assess the impact of the error associated with the MonteCarlo calculation of the background

rate in Table 29. The actual systematic uncertainty on the background rate in an experimental analysis

will likely be much smaller, and possibly negligible. In the limit in which the systematic uncertainty

(theory error + pdfs uncertainty) on the signal cross section becomes larger than its statistical error, the

precision on the Higgs trilinear measurement saturates to ✓ 2⇥S . Since the statistical error on the signal

rate is expected to be small (of the order of 3 � 4%), the systematic uncertainty can easily become the

87

e.g. variation of precision 
on λ3 with tagging rates.

b ! b c ! b

j ! b j ! �[FCC-hh Higgs, 1606.09408] 

http://arxiv.org/abs/arXiv:1412.7154


A. Papaefstathiou

• “new” final states can become accessible, e.g.: 

24

double Higgs production at 100 TeV

hh ! (bb̄)(ZZ) ! (bb̄)(4`)

hh ! (bb̄)(W+W�)/(⌧+⌧�) ! (bb̄)(2`) [AP, 1504.04621]

hh ! (W+W�)(W+W�) ! 3`jj [Li, Li, Yan, Zhao, 1503.07611]

(signal ~ a few, background ~ a few)

(signal ~ a few 10s, background ~ a few 100s)
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BSM effects in hh?

25
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new particles
• hh can probe the presence of new particles:

• (a) e.g. in the loops:

• (b) e.g. in a propagator coupling to two Higgs bosons:

26

h

h

h
h

h

X X

X
h

h

t, b [hh resonances have already been 
searched for by ATLAS & CMS in 
Run 1: 1406.5053, CMS-PAS-
HIG-13-032, 1503.04114]
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BSM through D=6 effective field theory

➡ construct D=6 operators made of SM fields:

L = LD4
SM +

X

i

ci
⇤2

OD=6
i

operators built out of SM fields, 
respecting SM gauge symmetries  ⌘

New 
Physics

???

MEW

LHC

MPLΛ

???

27

e.g.:

O6 = ��|H|6
Ot = �ct|H|2Q̄LH

ctR
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hh in D=6 EFT
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Figure 1: The Feynman diagrams contributing to gg ! hh, including those induced by
higher-dimensional operators. The grey blobs indicate the points of insertion of D = 6

EFT vertices. At the order that we are considering in the present article, no two EFT
insertions can occur in a single diagram. Diagrams with only one grey blob only appear in
the effective theory.

Note that the function G2 is sub-dominant in this limit, in correspondence with the fact
that the spin-2 terms are absent in Eq. (3.6).

We now derive, starting from Eq. (3.7), the cross section for the hh process in the
D = 6 EFT. The complete set of diagrams is shown in Fig. 1. Using the above limiting

– 7 –

g

g

h

h

f

(1A) (1B)

(1C) (1D)

(1E)

Figure 1: The Feynman diagrams contributing to gg ! hh, including those induced by
higher-dimensional operators. The grey blobs indicate the points of insertion of D = 6

EFT vertices. At the order that we are considering in the present article, no two EFT
insertions can occur in a single diagram. Diagrams with only one grey blob only appear in
the effective theory.

Note that the function G2 is sub-dominant in this limit, in correspondence with the fact
that the spin-2 terms are absent in Eq. (3.6).

We now derive, starting from Eq. (3.7), the cross section for the hh process in the
D = 6 EFT. The complete set of diagrams is shown in Fig. 1. Using the above limiting

– 7 –

g

g

h

h

f

(1A) (1B)

(1C) (1D)

(1E)

Figure 1: The Feynman diagrams contributing to gg ! hh, including those induced by
higher-dimensional operators. The grey blobs indicate the points of insertion of D = 6

EFT vertices. At the order that we are considering in the present article, no two EFT
insertions can occur in a single diagram. Diagrams with only one grey blob only appear in
the effective theory.

Note that the function G2 is sub-dominant in this limit, in correspondence with the fact
that the spin-2 terms are absent in Eq. (3.6).

We now derive, starting from Eq. (3.7), the cross section for the hh process in the
D = 6 EFT. The complete set of diagrams is shown in Fig. 1. Using the above limiting

– 7 –

g

g

h

h

f

(1A) (1B)

(1C) (1D)

(1E)

Figure 1: The Feynman diagrams contributing to gg ! hh, including those induced by
higher-dimensional operators. The grey blobs indicate the points of insertion of D = 6

EFT vertices. At the order that we are considering in the present article, no two EFT
insertions can occur in a single diagram. Diagrams with only one grey blob only appear in
the effective theory.

Note that the function G2 is sub-dominant in this limit, in correspondence with the fact
that the spin-2 terms are absent in Eq. (3.6).

We now derive, starting from Eq. (3.7), the cross section for the hh process in the
D = 6 EFT. The complete set of diagrams is shown in Fig. 1. Using the above limiting

– 7 –

g

g

h

h

f

(1A) (1B)

(1C) (1D)

(1E)

Figure 1: The Feynman diagrams contributing to gg ! hh, including those induced by
higher-dimensional operators. The grey blobs indicate the points of insertion of D = 6

EFT vertices. At the order that we are considering in the present article, no two EFT
insertions can occur in a single diagram. Diagrams with only one grey blob only appear in
the effective theory.

Note that the function G2 is sub-dominant in this limit, in correspondence with the fact
that the spin-2 terms are absent in Eq. (3.6).

We now derive, starting from Eq. (3.7), the cross section for the hh process in the
D = 6 EFT. The complete set of diagrams is shown in Fig. 1. Using the above limiting

– 7 –

tt̄h2

ggh

ggh2

[Goertz, AP, Yang, Zurita, 1410.3471]
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have zoomed-in in the right panel, and shaded the ±10% variation region from the SM value
of the cross section. Here and in the remaining article, we employ the MSTW2008nlo_nf4
PDF sets [88].11 One can clearly see how deviations from the SM prediction ci = 0 could
lead to substantial changes in the total cross section. Unfortunately, the dependence on c6
is rather mild, whereas the dependence on ct and cg is substantially more pronounced. This
tendency will be amplified when realistic analysis cuts are considered (see below). The fact
that positive values of c6 lead to a decreased cross section reflects the negative interference
between the triangle and box contributions.

Figure 2: The effect of the variation of individual operators on the total cross section
divided by the SM value. In the right panel we focus on a narrower region, showing in the
grey-shaded area the ±10% variation with respect to the SM value. The solid portions of
the curves represent the region which is compatible at 95% C.L. or more with the current
Higgs boson data, obtained using HiggsBounds and HiggsSignals (see section 5.3.2 for
details).

5.2 Analysis

To accommodate a direct comparison with existing phenomenological analyses, we focus on
the process hh ! (b¯b)(⌧+⌧�) at the 14 TeV LHC. The specific final state possesses a rela-
tively large branching ratio and manageable backgrounds. This channel has been examined
in detail within the SM in Refs. [22–24, 29] and turned out to be particularly promising.
We consider here only the main irreducible backgrounds, arising from t¯t production with
subsequent decays of the W bosons to ⌧ leptons, as well as ZZ and hZ production with
(b¯b)(⌧+⌧�) final states, which is sufficient given the other sources of uncertainty.12 The
backgrounds were generated at next-to-leading order in QCD, using the aMC@NLO event
generator [89–91]. The total cross section for t¯t was normalised to �tt̄ = 900 pb [92, 93]
and the ZZ and hZ NLO cross sections were taken out of the aMC@NLO calculation directly:

11The cross sections have been verified through an independent implementation directly in HPAIR.
12We have also considered the effect of D = 6 operators in hZ production and the subsequent Higgs

boson decay. These were found to have negligible impact on our analysis and we do not discuss them in
detail.

– 11 –

hh in D=6 EFT
• LHC and FCC-hh phenomenology, e.g.:

cross section 
variation with 

respect to coeffs.

[Goertz, AP, Yang, Zurita, 
1410.3471]

[σSM (14 TeV) ~ 40 fb]

29

[also: Azatov, Contino, 
Panico, Son, 1502.00539]

ci
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hh in D=6 EFT
• LHC and FCC-hh phenomenology, e.g.:

cross section 
variation with 

respect to coeffs.

[Goertz, AP, Yang, Zurita, 
1410.3471]

[σSM (14 TeV) ~ 40 fb]

29

[also: Azatov, Contino, 
Panico, Son, 1502.00539]

ci

e.g. consider these two.
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hh in D=6 EFT

• LHC phenomenology, e.g.:

destructive interference with the box contributions leads to a reduction in the cross section.
The coefficient is constrained to lie within �0.1 . ct . 0.4 at 3000 fb�1 and for fth = 0.3,
after marginalization (1�-equivalent). It is evident that improving the knowledge on the
poorly-constrained ‘top Yukawa’ ct, entering hh production in various ways, will be helpful
to improve the exclusion range for c6.

Figure 6: The p-values obtained after marginalization over the directions orthogonal to
the (ct, c6)-plane, for the process hh ! (b¯b)(⌧+⌧�). On the top plots we show the results
at 600 fb�1 of integrated luminosity, without (fth = 0.0) and with (fth = 0.3) theoretical
uncertainty included and on the bottom we show the corresponding plots at 3000 fb�1. We
also present the 1-sigma contours as black dashed lines.

The expected constraints for cg, which adds tree-level couplings of one or two Higgs
boson to two gluons, are shown in the (cg, c6)-plane in Fig. 7. The results reflect the fact
that an enhanced production cross section due to values of cg away from the minimum
(right panel, Fig. 3) can compensate a reduction due to positive c6. The constraint on cg
is found to be �0.2 . cg . 0.1 at 3000 fb�1 given that fth = 0.3, after marginalization.

We present the results involving c� in Fig. 8, which enters the process under consider-
ation indirectly, through modification of the branching ratios (via single Higgs boson data
p-values). The correlation with c6 is weak, and no significant constraint is expected to be
imposed through hh ! (b¯b)(⌧+⌧�).

– 18 –

[Goertz, AP, Yang, Zurita, 1410.3471]

1σ constraint, on 
the plane of two 

Wilson coefs.:
ct-c6

(LHC14, 600 fb-1)

30

[see also: Azatov, Contino, 
Panico, Son, 1502.00539]
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• tiny cross section at LHC@14 TeV (~0.1 fb),

• still challenging at 100 TeV: SM σ ~ 5 fb!

• ‘high-lumi’ 100 TeV machine could probe it (30 ab-1).

• e.g. in                                    .

• also:                                                                                                      

[AP, Sakurai, 1508.06524]

31

triple Higgs 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)(��)

hhh ! (bb̄)(bb̄)(⌧+⌧�), (bb̄)(⌧+⌧�)(⌧+⌧�) [Fuks, Kim, Lee, 1510.07697]

hhh ! (bb̄)(bb̄)(bb̄)

hhh ! (bb̄)(W+W�)(W+W�) [Kilian, Sun, Yan, Zhao, Zhao 1702.03554]

[Bishara, Hartland, AP, Rojo, Tillim, to appear]
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• 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)(��)

hhh ! (bb̄)(bb̄)(⌧+⌧�), (bb̄)(⌧+⌧�)(⌧+⌧�) [Fuks, Kim, Lee, 1510.07697]

hhh ! (bb̄)(bb̄)(bb̄)

hhh ! (bb̄)(W+W�)(W+W�) [Kilian, Sun, Yan, Zhao, Zhao 1702.03554]

[Bishara, Hartland, AP, Rojo, Tillim, to appear]
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triple Higgs production at 100 TeV

8

hhh total |N(SM)�N(c6)|p
N(SM)

SM 9.7 31.3
c6 = 1.0 1.1 20.2 ⇠ 2.0
c6 = �1.0 22.5 45.1 ⇠ 2.5

TABLE V: The number of events for an integrated luminosity
of 30 ab�1 at 100 TeV, for the Standard Model and the the
two simple deformations with O6, with coe�cient values c6 =
±1. The first and second columns show, respectively, the
number of events for the hhh signal and the total expected
number of events for all contributing processes: hhh, hh+jets,
bb̄bb̄�� (using 8.2 events) and bb̄bb̄�+jets (using 1 event). The
third column shows, approximately, the level (in number of
standard deviations) at which the two hypotheses c6 = ±1 can
be excluded given that the standard model is the underlying
theory.

d
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= 6c
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line and check that the outer 2�-region: c
6

. �2
and c

6

& 3 approximately reproduces the D = 6 EFT
result given the uncertainties. A few interesting observa-
tions can be made. Firstly, the whole region c

3

. �1 can
be excluded at 5� irrespective of the value of d

4

using
triple Higgs production. Moreover, if c

3

is constrained
to lie near c

3

⇠ 0, then the weakest constraints on d
4

are obtained in all of the plane. On the other hand, if a
non-zero value of c

3

is measured, e.g. c
3

⇠ 4, then the
constraint on d

4

can be quite stringent and in a region
excluding d

4

= 0, i.e. d
4

2 [⇠ 4,⇠ 8] at 5�.

(a)

FIG. 6: The approximate expected 2� (blue) and 5� (red) ex-
clusion regions on the c3�d4 plane after 30 ab�1 of integrated
luminosity, derived assuming a constant signal e�ciency, cal-
culated along the d4 = 6c3 line in c3 2 [�3.0, 4.0].

V. DISCUSSION AND CONCLUSIONS

Evidently, discovering Standard Model-like triple
Higgs boson production will be a challenging task. Our
analysis of the hhh ! (bb̄)(bb̄)(��) channel has demon-
strated that the process merits serious investigation at a
future collider running at 100 TeV proton-proton centre-
of-mass energy. It is important at this point to emphasise
the defining points and caveats that lead this phenomeno-
logical analysis to this conclusion:

• The detector of an FCC-hh needs to have excel-
lent photon identification and resolution, so that a
di-photon invariant mass window of width 2 GeV
around the Higgs boson mass can imposed. As we
already mentioned, the current resolution at the
LHC is 1-2 GeV, [99, 100]. Moreover, the pro-
jections for photon identification e�ciency at the
high-luminosity LHC are at O(80%) [101]. It is not
unreasonable to expect an improvement in both of
these parameters at the FCC-hh, to a resolution of
. 1 GeV or photon identification of & 90%.

• Tagging of b-jets should be extremely good, at least
in the range of 70-80%, with excellent light jet re-
jection of O(1%) over a wide range of transverse
momenta and pseudorapidities. Reducing the tag-
ging probability from 80% to 70% would reduce the
final number of events in ‘true’ 4-b-jet final states
by about 40%. We note that the expected perfor-
mance of the b-tagging algorithms for the LHC Run
2 is already at this ballpark [102].

• Any analysis of triple Higgs production that in-
cludes bb̄ pairs will also benefit from a very good
forward coverage, allowing identification of b-jets
up to pseudo-rapidities of |⌘| ⇠ 3.0. Good forward
coverage for photons to |⌘| ⇠ 3.5 would also bene-
fit the analysis. For example, the fraction of signal
events with two b-jets falling in |⌘b| 2 [2.5, 3.0] is
⇠ 15% and the fraction of events with two photons
falling in |⌘� | 2 [2.5, 3.5] is ⇠ 5%. These two are
approximately uncorrelated, and thus an LHC-like
coverage of |⌘b| < 2.5, |⌘� | < 2.5 would cause a
⇠ 20% reduction in signal e�ciency compared to
the analysis presented in this article.

• Predictions of the triple Higgs boson production
cross section, as for the case of double production,
posses large theoretical uncertainties at present,
due to the unknown higher-order corrections. The
best available calculation includes only exact real
emission diagrams in combination with ‘low-energy
theorem’ results [15]. A full next-to-leading order
calculation will reduce this and allow one to use the
process to extract constraints on various models of
new physics.

• Crucially, the Monte Carlo event generation of mul-
tiple coloured partons (4-6) at next-to-leading or-

[AP, Sakurai, 1508.06524]

�4/�4,SM = 1 + d4

�3/�3,SM = 1 + c3

�4/�4,SM 2 [⇠ �4,⇠ +16]�3 = �3,SM )for @95% C.L.

(30 ab-1)

hhh ! (bb̄)(bb̄)(��)
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left as an exercise
• associated production modes: e.g. 

33

tt̄hh

the leading channel if triple coupling > SM value.
[Englert, Kraus, Spannowsky, Thompson, 1409.8074]

!

• more BSM studies!

[+ VBF, Whh, Zhh]

• e+e- colliders, e-p colliders, [1306.6352 (ILC), hep-ph/0106315 (TESLA)]
[Kumar, Ruan, Islam, Cornell, Klein, Klein, Mellado, 1509.0401]
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multi-Higgs: summary
HL-LHC

(14 TeV, 3000 fb-1)
pp@100 TeV

(30 ab-1)

λ3

λ4

O(1)

O(1)�O(10)

O(5%)
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indirect constraints on 
Higgs self-couplings

35
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indirect constraints from single Higgs 
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• e.g. single Higgs boson production observables @ 
hadron colliers: [Gorbahn, Haisch, 1607.03773, Degrassi, Giardino, Maltoni, Pagani, 1607.04251, Bizoń, 

Gorbahn, Ulrich Haisch, Zanderighi, 1610.05771]
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Figure 3: Sample of �SM
3 -dependent diagrams in tt̄H production.
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H

Figure 4: Diagrams contributing to the C1 coe�cient in the gluon-gluon-
fusion Higgs production. The one on the right has a multiplicity factor
2.

in M1
�SM

3

have a common structure, see Fig.2. In the case of the tt̄H pro-

duction the sensitivity to �3 comes from the one-loop corrections to the tt̄H
vertex and from one-loop box and pentagon diagrams. A sample of diagrams
containing these �3-dependent contributions is shown in Fig.3.

The presence of triangles, boxes and pentagons in the case of tt̄H pro-
duction provides an intuitive explanation of why the �3 contributions cannot
be captured by a local rescaling, of the type that a standard -framework
would assume. Similarly, not all the contributions given by the corrections
to the HV V vertex can be described by a scalar modification of its SM value
via a V factor.

The computation of �(gg ! H), the related �(H ! gg), and of �(H !
��) is much more challenging and deserves a more detailed discussion. These
observables receive the first non-zero contributions from one-loop diagrams,
which do not feature �3, so that the computation of C1 requires the evalu-
ation of two-loop diagrams.

The two-loop EW corrections to �(gg ! H) in the SM were obtained
in Refs. [42–44]. In our computation of the C1 coe�cient we followed the
approach of Ref. [43] where the corrections have been computed via a Taylor
expansion in the parameters q2/(4m2

t ), q
2/(4m2

H) where q2 is the virtuality
of the external Higgs momentum, to be set to m2

H at the end of the com-
putation. However, at variance with Ref. [43] we computed the diagrams
contributing to C1, see Fig.4, via an asymptotic expansion in the large top
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gg ! h

H

H

W

�

�

H

H

W

�

�

H

H W

�

�

H

H

W

�

�

H

H

W

�

�

Figure 5: Diagrams contributing to the C1 coe�cient in �(H ! ��). The
diagrams in the second row have multiplicity 2.

mass up to and including O(m6
H/m

6
t ) terms. The two expansions are equiv-

alent up to the first threshold encountered in the diagrams that defines the
range of validity of the Taylor expansion. In our case, the first threshold in
the diagrams of Fig.4 occurs at q2 = 4m2

H and both expansions are valid
for mH ' 125 GeV. The asymptotic expansion was performed following the
strategy described in Ref. [45] and the result for C1 is presented in Ap-
pendix A. We checked our asymptotic expansion against the corresponding
expression obtained by the Taylor expansion finding, as expected, very good
numerical agreement.

The computation of the EW corrections to the partial decay width of a
Higgs boson into two photons in the SM was performed in a R⇠ gauge in
Refs. [46, 47]. As mentioned above, the identification of the contributions
to the C1 coe�cient is straightforward in the unitary gauge. In this gauge,
neither unphysical scalars nor ghosts are present and the propagator of the
massive vector bosons is i(�gµ⌫ + kµk⌫/M

2
V )/(k

2 �M2
V + i✏). The unitary

gauge is a very special gauge. It can be defined as the limit when the
gauge parameter ⇠ is sent to infinity of a R⇠ gauge. When a calculation is
performed in the unitary gauge one is actually interchanging the order of
the operations limit ⇠ ! 1 with the integration, i.e., the limit ⇠ ! 1 is
performed first and then one does the integration while the correct order is
the opposite. Because some of the vertices that arise from the gauge-fixing
function contain a ⇠ factor, this exchange is not always an allowed operation
and in order to check the correctness of our approach we recomputed1 the
full two-loop EW corrections to �(H ! ��) in the unitary gauge. The

1

To our knowledge this is the first-ever two-loop computation of a physical observable

performed in the unitary gauge.

13

h ! ��

e.g.
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• bounds competitive with those from Higgs boson pair 
production. 

[Gorbahn, Haisch, 1607.03773, Degrassi, Giardino, Maltoni, Pagani, 1607.04251, Bizoń, 
Gorbahn, Ulrich Haisch, Zanderighi, 1610.05771]

e.g.

Z

h
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h
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g

g

g

q
Z

h

Z Z

q

q

q

q̄

t

t

tt

Figure 3. Examples of diagrams that contribute to pp ! Zh at O(↵2
s). As indicated by the black

square the left and middle diagram receive a correction of O(�) from the modified ZZh vertex,
while the graph on the right-hand side remains unchanged.

to �V h = �(qq̄ ! V h) working to zeroth order in the strong coupling constant. At this
order in QCD the O(�) shift in the integrated partonic cross section can be written as

��V h =
G2

F m4
V

72⇡
N̄V

q

↵(m2
V , m2

h, s)
↵(m2

V , m2
h, s) s + 12m2

V
�

s � m2
V

�2 �V , (5.1)

with N̄W = 1 and N̄Z =
�

1 � 8T q
3 Qqs2w + 8Q2

qs
4
w

�

/2, where T q
3 (Qq) denotes the third

component of the weak isospin (electric charge) of the relevant quark. The function �V
encodes the contributions from the three 1-loop diagrams in Figure 1 when one of the
gauge bosons is contracted with a quark line and the other one is put on its mass shell.
Explicitly we find

�V =
� c̄6

(4⇡)2
Re

"

� 6B0 � 24
�

m2
V C0 � C00

�

� 12↵(m2
V , m2

h, s) s
�

m2
V � m2

h + s
�

↵(m2
V , m2

h, s) s + 12m2
V

�

C1 + C11 + C12
�� 9m2

h (c̄6 + 2) B0
0

#

,

(5.2)

where the function ↵(x, y, z) has been defined in (4.6). The arguments of the scalar triangle
integral are

C0 = C0
�

m2
h, s, m

2
V , m2

h, m
2
h, m

2
V

�

, (5.3)

and all other tensor coefficients carry the same functional dependence. The B0 integral is
defined in (3.6). Our result (5.2) for �V can be shown to agree with the analytic expression
given in the publication [28] for the case of e+e� ! Zh.

At NNLO the production cross section for pp ! V h receives corrections from two
types of topologies. The first kind of graphs involves an exchange of a single off-shell vector
boson in the s-channel, while the second sort of corrections arise from the coupling of the
Higgs boson to a closed loop of heavy quarks. For on-shell bosons the former type of O(↵2

s)

corrections have been obtained in [40], while fully differential NNLO calculations of these
Drell-Yan (DY) parts have been presented in [41, 42] and [43] for the Wh and Zh final
state, respectively. Subsets of the diagrams where the Higgs is radiated off a heavy-quark
loop have been considered in [43, 44] and a calculation of all such graphs can be found
in [45]. The latter results have been implemented into version 8 of MCFM [46].

– 8 –

pp ! hZ

H

H

V

V

H

H

V

V

Figure 2: Structure of the �SM
3 -dependent part inM1

�SM

3

for processes involv-

ing massive vector bosons in the final or in the intermediate states (VBF,
HV and H ! V V ⇤ ! 4f).
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Figure 3: Sample of �SM
3 -dependent diagrams in tt̄H production.

receives contributions from qq̄ ! tt̄H and gg ! tt̄H. Another is VBF,
where both W -boson-fusion and Z-boson-fusion contribute. Moreover, each
subprocess contributes in proportion to the parton distribution weights.

In order to evaluate the C1 coe�cients of the various processes, we gener-
ated the relevant amplitudes using the Mathematica package FeynArts [43].
For all the cases involving only one-loop amplitudes, we computed the cross
sections and decay rates with the help of FormCalc interfaced to Loop-

Tools [44] and we checked the partonic cross sections at specific points
in the phase space with FeynCalc [45, 46]. In processes involving massive
vector bosons in the final or in the intermediate states (VBF, HV and
H ! V V ⇤ ! 4f), the �3-dependent parts in M1

�SM

3

have a common struc-

ture, see Fig. 2. In the case of the tt̄H production the sensitivity to �3 comes
from the one-loop corrections to the tt̄H vertex and from one-loop box and
pentagon diagrams. A sample of diagrams containing these �3-dependent
contributions is shown in Fig. 3.

The presence of not only triangles but also boxes and pentagons in the
case of tt̄H production provides an intuitive explanation of why the �3 con-
tributions cannot be captured by a local rescaling of the type that a standard
-framework would assume for the top-Higgs coupling. Similarly, not all the
contributions given by the corrections to the HV V vertex can be described
by a scalar modification of its SM value via a V factor, due to the di↵erent
Lorentz structure at one loop and at the tree level.

The computation of �(gg ! H), the related �(H ! gg), and of �(H !
��) is much more challenging and deserves a more detailed discussion. These

12

pp ! tt̄h

indirect constraints from single Higgs 
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indirect constraints from precision observables 
[Degrassi, Fedele, Giardino, 1702.01737, Kribs, Maier, Rzehak, Spannowsky, Waite, 1702.07678]

• two approaches based on “precision observables”:

• W mass & sin2θeff,

• S & T parameters.

[Degrassi, Fedele, Giardino, 1702.01737]

[Kribs, Maier, Rzehak, Spannowsky, Waite, 1702.07678]

• Higgs boson triple self-coupling modifications appear at two-loops. 

• no quartic coupling contributions at this order! 

• approach has been shown to be gauge invariant. 

• again: results competitive to direct hh.
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(current) constraints summary 

“single Higgs”: EW precision (mW & sin2θeff) + 
”single Higgs”:

[-9.4, 17.0] [-8.2, 13.7]

Vh + VBF h: EW precision (S & T):

[-14.0, 16.3] [-14.0, 17.4]

[-14.5, 19.1] [-8.4, 13.4]

[Degrassi, Fedele, Giardino, 1702.01737] [Degrassi, Giardino, Maltoni, Pagani, 1607.04251]

[Kribs, Maier, Rzehak, Spannowsky, Waite, 1702.07678][Bizoń, Gorbahn, Ulrich Haisch, Zanderighi, 1610.05771]

[ATLAS, combination of channels, 1509.04670] [ATLAS, 4b, ATLAS-CONF-2016-049]

λ3 allowed regions @ 95% C.L.  (multiples of SM)

c.f. direct hh:

indirect{
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Higgs-New Scalar 
associated production

40
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new scalar resonances

41

• the Higgs boson is the first (seemingly) fundamental 
scalar we know of: there may be more waiting to be 
discovered!

• if so: they could be related to the Higgs boson and 
EWSB.

• could we measure their couplings to the Higgs boson?
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S
S

�
�

pp ! S ! �� is observed  
assume:

single production of a singlet scalar S
[Carmona, Goertz, AP, 1606.02716]

http://arxiv.org/abs/arXiv:1606.02716
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S
S

�
�

pp ! S ! �� is observed  
assume:

single production of a singlet scalar S
[Carmona, Goertz, AP, 1606.02716]

http://arxiv.org/abs/arXiv:1606.02716
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associated production with a Higgs boson

43

S

h

S

�
�
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associated production with a Higgs boson

43

S

h

S

�
�

if pp ! S ! �� is observed:  
we know all the couplings 

but one! 

�HS

“portal coupling”

e.g. from: �HS |H|2S2 ! �HS(v + h)2S2
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easy to calculate the cross section for 
associated production with h, if single 

production would be observed. 

S
S

�

�

S

h

S

�

�

/ �2
HS

�

�

( )

( )

⇢ =
�(pp ! hS ! h��)

�(pp ! S ! ��)
=
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truth is stranger than fiction…
• we won’t know the initial-state partons.

• and, in general, there are other diagrams 
contributing:

⇢ =
�(pp ! hS ! h��)

�(pp ! S ! ��)
= a �2

HS + b �HS + c)

a, b, c : obtained via Monte Carlo.
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• the simplest scenario: χ = photon, i.e. di-photon resonance. 

• current searches allow single production with reasonable 
cross section:
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• the simplest scenario: χ = photon, i.e. di-photon resonance. 

• current searches allow single production with reasonable 
cross section:
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O(10 fb)
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single production 
allowed cross 
section, from 
ATLAS/CMS.

ratio, fitted from 
Monte Carlo.

�(hS ! h��) ⇠ 10 fb⇥ ⇢

⇢ ⇠ 10�3 � 10�2

(depending on initial-
state partons)
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kinematic features of hγγ
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• S and Higgs boson at 13 TeV would be produced 
near threshold,

• photons from S would be energetic: 

pT,peak ~ M/2

• photons close to back-to-back, b-jets close to back-
to-back (∆R ~ π).
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kinematic features of hγγ
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• S can be resonant (i.e. near on-shell) either in s-channel or decay: 

4

boson due to S|H|2,4 interactions, that turn out to be
sub-dominant, see Appendix B.

The fact that for quark-anti-quark annihilation the hS
process is non-vanishing for all values of the portal cou-
pling �HS indicates that one could employ this final state
to exclude bb̄ or ss̄ annihilation as the dominant produc-
tion process. The analysis that will follow in the present
article suggests however, that the di-photon decay of the
S alone may not be su�cient for that purpose.

FIG. 4: The ratios ⇢(gg) and ⇢(bb̄) for gg and bb̄ initial states,
defined between the associated production pp ! hS ! h��
and the single production pp ! S ! ��, as functions
of the width of the resonance over the mass, �/M . The
bands display the parton density function uncertainty for the
MMHT14nlo68cl set combined in quadrature with the scale
variation between 0.5 and 2.0 times the default central dy-
namical scale implemented in MadGraph5 aMC@NLO. The scalar
resonance mass was chosen to be M = 750 GeV.

At present, the width of the di-photon resonance re-
mains undetermined [1–4]. This prompts an investiga-
tion of the e↵ect of the width on the ratio ⇢. Moreover,
the analyses performed for the hS final state will di↵er
in the details due to the change in kinematics. We show
in Fig. 4 the variation of the ratio ⇢ for the gg-initiated
process with the width over the mass, which we have set
to M = 750 GeV, for �HS = 1, and for the bb̄-initiated
process for �HS = 0 (no portal) and �HS = 1.‡‡

We also provide, as coloured bands, the parton den-
sity function uncertainty for the MMHT14nlo68cl set [34]
combined in quadrature with the scale variation between
0.5 and 2.0 times the default central dynamical scale im-
plemented in MadGraph5 aMC@NLO. One can observe that
the central value of the ratio remains approximately con-
stant in all cases, with only a slight decrease with increas-
ing width. Moreover, the total theoretical uncertainties
due to scale and PDF variations are ⇠+40

�30 % for the gg-
induced process, ⇠ ±10% for the bb̄-induced and ±30%

‡‡It is interesting to note that the ratio increases as the scalar reso-
nance mass, M , decreases while the ratio �/M is kept fixed.

for the ss̄-induced cases (the latter not shown in the fig-
ure for simplicity).
Assuming a total cross section for the production of the

�� resonance of, say, �(pp ! S ! ��) = 10 fb, one would
expect a total of O(40) hS ! h�� events at the high-
luminosity LHC (HL-LHC, assuming 3000 fb�1 of inte-
grated luminosity) if the process is gluon-fusion initiated
and O(400) events for bb̄-initiated production, for a por-
tal coupling �HS = 1. Moreover, the minimum expected
number of events for the bb̄-initiated process is O(150),
arising for �HS ' �1.8 and for the ss̄-initiated process
one expects a minimum ofO(200) events for �HS ' �2.0.
We note here that the positions of the minima for the qq̄-
initiated process will change after cuts due to the varying
e↵ect of the analysis on the di↵erent pieces contributing
to the cross section.

FIG. 5: The matrix-element level distribution of the di-
photon invariant mass, M�� , in the gg ! hS ! h�� process,
normalised to unity for the two benchmark width scenarios,
� = 1 GeV and � = 45 GeV.

FIG. 6: The matrix-element-level distribution of the com-
bined Higgs boson and di-photon invariant mass, Mh�� , in
the gg ! hS ! h�� process, normalised to unity for the two
benchmark width scenarios, � = 1 GeV and � = 45 GeV.

The kinematic structure of the pp ! hS ! h�� pro-

Mh�� [GeV]

on-shell γγ

“three-body decay”

• construct two analysis “regions”: “three-body decay”, “on-shell γγ”. 

[Carmona, Goertz, AP, 1606.02716]

M= 750 GeV

http://arxiv.org/abs/arXiv:1606.02716
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• given assumption that “underlying” production is purely gluon 
fusion and λHS=1,

• calculate 95% C.L. exclusion for resonance produced in mixture of 
gluon fusion and b-quark fusion:

ySb /c
S
G

(more
 b-quark)

green: “on-shell 
γγ”

red: “three-body 
decay”

[Carmona, Goertz, AP, 
1606.02716]

13

FIG. 26: The 95% confidence-level exclusion region for the
ratio of couplings to bb̄ over the coupling to the gg initial
states, ✓ = [(yS

d )
33]/cSG versus the portal coupling �HS for

M = 600 GeV, � = 1 GeV. The excluded region coming from
the combination of the “TBD” (red) and “OS��” (green) re-
gions is grey-shaded. We have assumed that the single pro-
duction cross section �(pp ! S ! ��) = 10 fb.

FIG. 27: The 95% confidence-level exclusion region for the
ratio of couplings to bb̄ over the coupling to the gg initial
states, ✓ = [(yS

d )
33]/cSG versus the portal coupling �HS for

M = 750 GeV, � = 1 GeV. The excluded region coming from
the combination of the “TBD” (red) and “OS��” (green) re-
gions is grey-shaded. We have assumed that the single pro-
duction cross section �(pp ! S ! ��) = 5 fb.

V. DISCUSSION AND CONCLUSIONS.

We have investigated the associated production of a di-
photon scalar resonance with a Higgs boson and have em-
ployed the pp ! hS ! (bb̄)(��) final state to obtain con-
straints on the portal coupling with the SM Higgs boson
�HS , at the LHC. We have considered three benchmark
scalar masses, M = 600, 750, 900 GeV, and we have as-
sumed that the inclusive single production cross section
is �(pp ! S ! ��) = 10, 5, 1 fb, respectively, compatible

FIG. 28: The 95% confidence-level exclusion region for the
ratio of couplings to bb̄ over the coupling to the gg initial
states, ✓ = [(yS

d )
33]/cSG versus the portal coupling �HS for

M = 900 GeV, � = 1 GeV. The excluded region coming from
the combination of the “TBD” (red) and “OS��” (green) re-
gions is grey-shaded. We have assumed that the single pro-
duction cross section �(pp ! S ! ��) = 1 fb.

FIG. 29: The 95% confidence-level exclusion region for the
ratio of couplings to bb̄ over the coupling to the gg initial
states, ✓ = [(yS

d )
33]/cSG versus the portal coupling �HS for

M = 750 GeV, � = 45 GeV. The excluded region coming
from the combination of the “TBD” (red) and “OS��” (green)
regions is grey-shaded. We have assumed that the single pro-
duction cross section �(pp ! S ! ��) = 5 fb.

with current experimental constraints. To construct ex-
pected constraints we considered the null hypothesis (i.e.
the supposed ‘true’ underlying theory) to correspond to
gluon-fusion-initiated production with vanishing portal
coupling, �HS = 0. We then first analysed the case of
either pure gluon-fusion-induced production or produc-
tion via quark-anti-quark annihilation. For gluon-fusion
production one can impose constraints on the portal cou-
pling at the end of the HL-LHC run of |�HS | . 3, 4, 5 for
M = 600, 750, 900 GeV, respectively, and � = 1 GeV,

�HS

M= 600 GeV, 
Γ = 1 GeV

http://arxiv.org/abs/arXiv:1606.02716
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conclusions
• multi-Scalar final states possess rich phenomenology allow us to probe 

couplings between scalars [+ other couplings].

• Higgs boson multi-production has received considerable attention since 
Higgs discovery:

• higher-order corrections, BSM effects, experimental measurements + 
more.

• indirect constraints on the trilinear Higgs boson coupling will provide 
complementary information. 

• Higgs-New scalar associated production has interesting kinematic 
features and would be necessary to consider if new states are discovered. 
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Thanks for your attention!
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branching ratios for hh and 
hhh
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branching ratios (mh = 125 GeV)
BR[bb̄bb̄] = 33.3%

BR[bb̄WW ] = 24.8%

BR[bb̄⌧⌧ ] = 7.29%

BR[bb̄��] = 0.263%

BR[bb̄ZZ] = 0.305%

BR[WWWW ] = 4.62%

BR[bb̄µµ] = 0.025%

BR[bb̄Z�] = 0.178%

BR[⌧⌧⌧⌧ ] = 0.399%

note: each 1% corresponds to 
~100 events per 300 fb-1 of 

luminosity @ LHC14.

BR[WW ⌧⌧ ] = 2.71%
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branching ratios (mh = 125 GeV)
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hhh branching ratios (mh = 125 GeV)

2

interesting task in its own right, and as will be seen, in-
deed challenging at the FCC-hh. The goal of this article
is to provide a first baseline study of Standard Model-like
triple Higgs boson production via gluon fusion (ggF), at
a future 100 TeV proton-proton collider. Furthermore,
we investigate triple Higgs production in two scenarios
where it is a↵ected by new physics: (i) in the SM aug-
mented by a single higher-dimensional operator in an ef-
fective field theory approach and (ii) the generic case on
the (c

3

� d
4

)-plane.
The article is organised as follows: in Section IA we

investigate an explicit scenario that contains a single
higher-dimensional operator. In Section II we list, for fu-
ture reference, the final states that could be interesting in
the study of Higgs boson triple production. The Monte
Carlo event generation, simulation of b-jet and photon
tagging are described in Section III. Di↵erential distri-
butions at parton level for triple Higgs boson production
at 100 TeV, compared to those of Higgs boson pair pro-
duction and the analysis of the channel (bb̄)(bb̄)(��) is
described in Section IV. We use this analysis to provide
constraints in two scenarios. Finally, we provide discus-
sion and conclusions in Section V.

A. The self-coupling in D = 6 EFT

In the framework of the dimension-6 operator exten-
sion to the Standard Model (D = 6 EFT), one can com-
pare the sensitivity of multi-Higgs production to varia-
tions of the operator Wilson coe�cients [50]. Here we
consider, as an illustrative example, a simplified mode
with the assumption that the e↵ect of all coe�cients
apart from a single one, originating from an operator of
the form O

6

⇠ |H|6, where H is the Higgs doublet scalar
before electroweak symmetry breaking:

V
self

= µ2|H|2 + �|H|4 +O
6

, O
6

⌘ c
6

⇤2

�|H|6, (2)

where µ2 and � are the conventional parameters em-
ployed in the SM potential for the Higgs doublet H.

The changes in the quartic and the triple Higgs cou-
plings, defined in Eq. 1, are related via [50]:⇤

c
3

= c
6

, d
4

= 6c
6

. (3)

Due to the relation appearing in Eq. 3, the cross section
for triple Higgs boson production is a quartic polynomial
in c

6

, i.e. it contains terms up to c4
6

. Such terms come
from squared matrix elements of diagrams containing two
triple Higgs couplings, such as the one shown in Fig. 1(d).

In Fig. 3(b) we show the variation of the inclusive
leading-order cross sections for ggF hh and hhh with re-
spect to the SM (c

6

= 0). The fit as a function of c
6

for

⇤Note that, in general, c3 and d4 would be multiplied by v2/⇤2 in
D = 6 EFT. We have set ⇤ = v for simplicity here.

the two cases, at 100 TeV, is:

�(c
6

)hh
�(SM)hh

= 0.22⇥ c2
6

� 0.71⇥ c
6

+ 1.00,

�(c
6

)hhh
�(SM)hhh

= 0.03⇥ c4
6

+ 0.03⇥ c3
6

+ 0.43⇥ c2
6

� 1.31⇥ c
6

+ 1.00. (4)

The line d
4

= 6c
3

is also shown as a dissection on the
c
3

� d
4

plane in Fig. 3(a).

II. TRIPLE HIGGS PRODUCTION FINAL
STATES

We list the dominant Higgs boson triple production fi-
nal states, i.e. those that yield N

events

> 10 with 30 ab�1

of integrated luminosity at a proton collider at 100 TeV
centre-of-mass energy, in Table I.

hhh ! final state BR (%) � (ab) N30ab�1

(bb̄)(bb̄)(bb̄) 19.21 1110.338 33310
(bb̄)(bb̄)(WW1`) 7.204 416.41 12492
(bb̄)(bb̄)(⌧ ⌧̄) 6.312 364.853 10945
(bb̄)(⌧ ⌧̄)(WW1`) 1.578 91.22 2736
(bb̄)(bb̄)(WW2`) 0.976 56.417 1692
(bb̄)(WW1`)(WW1`) 0.901 52.055 1561
(bb̄)(⌧ ⌧̄)(⌧ ⌧̄) 0.691 39.963 1198
(bb̄)(bb̄)(ZZ2`) 0.331 19.131 573
(bb̄)(WW2`)(WW1`) 0.244 14.105 423
(bb̄)(bb̄)(��) 0.228 13.162 394
(bb̄)(⌧ ⌧̄)(WW2`) 0.214 12.359 370
(⌧ ⌧̄)(WW1`)(WW1`) 0.099 5.702 171
(⌧ ⌧̄)(⌧ ⌧̄)(WW1`) 0.086 4.996 149
(bb̄)(ZZ2`)(WW1`) 0.083 4.783 143
(bb̄)(⌧ ⌧̄)(ZZ2`) 0.073 4.191 125
(bb̄)(��)(WW1`) 0.057 3.291 98
(bb̄)(⌧ ⌧̄)(��) 0.05 2.883 86
(WW1`)(WW1`)(WW1`) 0.038 2.169 65
(⌧ ⌧̄)(WW2`)(WW1`) 0.027 1.545 46
(⌧ ⌧̄)(⌧ ⌧̄)(⌧ ⌧̄) 0.025 1.459 43
(bb̄)(WW2`)(WW2`) 0.017 0.956 28
(WW2`)(WW1`)(WW1`) 0.015 0.882 26
(bb̄)(bb̄)(ZZ4`) 0.012 0.69 20
(⌧ ⌧̄)(⌧ ⌧̄)(WW2`) 0.012 0.677 20
(bb̄)(ZZ2`)(WW2`) 0.011 0.648 19
(⌧ ⌧̄)(ZZ2`)(WW1`) 0.009 0.524 15
(bb̄)(��)(WW2`) 0.008 0.446 13
(⌧ ⌧̄)(��)(WW1`) 0.006 0.36 10

TABLE I: The list of channels with Nevents > 10 with 30 ab�1

and their branching ratios (BR). The subscript “
x`

” denotes
the number of leptons x in the final state, originating from
the di-bosons. The cross section used for pp ! hh at 100 TeV
is �NLO = �LO ⇥ 2.0 = 5.78 fb, where a K-factor K = 2.0 has
been applied to obtain an estimate of the NLO cross section.
The number of events has been rounded to the nearest integer.
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indirect constraints in e+e-
• e.g. contributions to single Higgs observables through higher-

order corrections. 

• e.g. e+e- @ 240 GeV: 
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2

can constrain a linear combination of the deviations in
the self-coupling, �h, and the hZZ coupling, �Z , as

�240
� = 100 (2�Z + 0.014�h) % , (1)

but not the self-coupling alone. Thus in order to set a
constraint on �h from a single measurement it is necessary
to make assumptions on �Z . This is a general weakness
of indirect constraints with a single measurement, and
demonstrates that such a constraint can only be consid-
ered complimentary to a direct measurement at the LHC
or ILC. Furthermore, an indirect constraint cannot un-
ambiguously single out a modified Higgs self-coupling as
the cause of a deviation in the cross section. On the
other hand a direct measurement can potentially iden-
tify the cause using kinematic distributions [17]. How-
ever, the coe�cient of �h in Eq. (1) is energy depen-
dent, hence cross-section measurements at di↵erent en-
ergies constrain di↵erent linear combinations of �Z and
�h, and an ellipse in �Z � �h space may be constrained.1

CONSTRAINING THE HIGGS SELF-COUPLING

In studies aimed at measuring the Higgs self-coupling
through di-Higgs production it is often assumed that all
other Higgs couplings take SM values and the Higgs is
not coupled to any new BSM fields. This is a useful
assumption since at hadron colliders a number of di↵er-
ent Higgs couplings, and fields, enter the di-Higgs pro-
duction process, leading to some degeneracy between the
e↵ects of a modified Higgs self-coupling and other mod-
ified Higgs couplings. This ambiguity is inherently large
for the indirect constraint discussed here, and reduced in
direct measurements at the LHC and ILC. For calcula-
tional simplicity this simplifying assumption is employed
in this section and the reliability of this assumption is
discussed later. The relevant interactions are given by
the following Lagrangian

L = LSM � 1

3!
�hAh,SMh3 . (2)

Such a modification can arise from the following non-
renormalizable contribution to the Higgs potential

Vh = Vh,SM +
1

⇤2

�
v2 � |H|2�3 , (3)

where the scale ⇤ is associated with the scale of new
physics in the Higgs sector, such as the mass scale of new
fields or the scale of strong dynamics. This modification
enters the calculation of Higgs processes at LO and NLO.
Eq. (3) shows that scenarios which are purely SM-like

1
I am grateful to Jesse Thaler for suggesting this approach.

1 1 1

h h

h h

Z

e�

e+ e+

e�

Z

FIG. 1: NLO vertex corrections to the associated production
cross section which depend on the Higgs self-coupling. These
terms lead to a linear dependence on modifications of the self-
coupling �h.

with the exception of non SM-like Higgs self-couplings are
in fact completely consistent with electroweak symmetry
in the UV. Thus no pathologies related to the underlying
gauge symmetry will arise with a modified self-coupling.
If processes involving the Higgs self-coupling at tree-level
are considered, such as in di-Higgs production, then the
modified coupling can be simply included in LO calcu-
lations. However if an NLO calculation encounters the
Higgs self-coupling at LO and at NLO, as in di-Higgs
production, then a suitable counter-term for the irrel-
evant operator in Eq. (3) must be calculated following
procedures for loop calculations in e↵ective field theories
[18]. In processes where the Higgs self-coupling does not
contribute at LO but does enter at NLO, as in the sin-
gle Higgs production considered here, the modified self-
coupling can be included in one-loop diagrams without
recourse to the details of renormalization of the irrelevant
operator in Eq. (3), however proceeding to NNLO in this
case would require the counter-term to this operator.

The dominant Higgs production process at an e+e�

collider at the energies considered here is Higgs associ-
ated production. At NLO the Higgs self-coupling en-
ters the associated production amplitude in two ways. It
enters quadratically via a modified Higgs wavefunction
counter-term, feeding into associated production at NLO
as a modification of the hZZ coupling. The self-coupling
also enters into the amplitude linearly through diagrams
such as Fig. 1. Depending on gauge choice there are also
diagrams with internal Goldstone lines.

The full NLO corrections to e+e� ! hZ are cal-
culated using the FeynArts, FormCalc, and Loop-

Tools suite of packages [19, 20]. The counter-terms
for all SM-Higgs couplings are calculated automatically
following the electroweak renormalization prescription of
[21]. Gauge invariance has been checked analytically in
the general R⇠ gauges and it has also been checked that
the final result is also UV-finite.

At various CM energies the fractional corrections to
the associated production cross section, ��h(e+e� !
hZ), relative to the SM rate are found to be

�240,350,500
� =

��h 6=0

��h=0

� 1 = 1.4, 0.3,�0.2 ⇥ �h% , (4)

[M. McCullough, 1312.3322] 

• may determine triple Higgs coupling within ~30% at 10/ab.



other production modes?

• several associated production modes exist:

58

qq ! qqHH

qq ! WHH

qq ! ZHH

cross section@14 TeV

~1.8 fb

~0.4 fb

~0.3 fb

• (note: behaviour w.r.t. λ is different for each channel.)

• with decays                      , could be looked into with sub-structure 
techniques, but initial cross section low.

Baglio, Djouadi, Gröber, 
Mühlleitner, Quevillon, Spira 
[1212.5581]

HH ! bb̄bb̄



A. Papaefstathiou

the failure of HEFT in hh
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how good is the HT-EFT?
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[Grigo, Hoff, Melnikov, Steinhauser, 1305.7340] 
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Figure 9: Scale dependence of the hadronic production cross section for pp → HH.
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Figure 10: The NLO hadronic cross section at the 14 TeV LHC as a function of
√
scut. Two black curves correspond

to ±20% variation in the triple Higgs boson coupling relative to its SM value. The violet (hatched) band shows the
uncertainty in the SM prediction for pp → HH due to uncalculated 1/Mt corrections.

power corrections. We also note that 1/Mt-corrections change the hadronic K-factor by about 14

percent at
√
scut = 700 GeV and the change decreases for smaller values of scut. The shift in the

√
scut = 700 GeV K-factor due to the last computed 1/Mt correction is close to seven percent.

In Fig. 9, we show the residual dependence of the production cross section pp → HH on the

factorization and renormalization scales that we set equal to each other. The NLO cross section

is computed with all available 1/Mt corrections included. The cut on the partonic center-of-

mass collision energy of 600 GeV is imposed. It follows from Fig. 9 that the NLO QCD cross

section is practically independent of the renormalization and factorization scales in a broad range

of µ. Choosing µ = 2mH as the central value and estimating the uncertainty by increasing and

decreasing µ by a factor of two, we arrive at the NLO cross section estimate σpp→HH = 38+0
−2 fb for

√
scut = 600 GeV to be compared to σpp→HH = 18+6

−4 fb at LO. The scale-dependence uncertainty

of the NLO cross section is therefore close to five percent, a significant improvement compared to

O(30%) uncertainty of the leading order cross section.

16

p
scut : upper cut partonic 

c.o.m. energy.
black: variations of 
the self-coupling by 

20% .±
violet: uncertainty 

due to un-calculated 
         corrections.1/Mt

�! corrections to 
NLO σ up to O(1/M8

t )

O(10%)�!
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HEFT gone wild
• differential quantities can be worse in certain 

regions of phase space, e.g.:
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FIG. 4: Sample Feynman graphs contributing to pp → hh+ j +X. Not shown are the qg, q̄g and qq̄ subprocesses.
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FIG. 5: Comparison of the leading order pT,j spectrum for
pp → hh+ j+X production. Shown are distributions for the
effective interaction (obtained with MadGraph v5 [34] via
FeynRules [45] and Ufo [46]), and the full one-loop matrix
element calculation. We again choose mt = 172.5 GeV and
mb = 4.5 GeV using CTEQ6l1 parton densities and µF =
µR = pT,j + 2mh.

τs are generated with Rbb,ττ ≥ 0.2. On the other hand,
the bb̄W−W+ sample is generated inclusively, and is the
same sample used in the unboosted bb̄W−W+ analysis
in the previous section.
The results are shown in Tab. III. The initial back-

ground cross-section looks very large due to it being in-
clusively generated. However, once we take into account
the small branching ratio of W → τν this drops dramati-
cally. After requiring two b-tagged jets which reconstruct
the Higgs mass we are left with an S/B of nearly half for
the ξ = 1 case (and nearly one in for ξ = 0). The cross-
section is also reasonable, corresponding to 95 events for
1000 inverse femtobarns of luminosity. This channel is
hence very promising indeed.

III. HIGGS PAIR PRODUCTION IN
ASSOCIATION WITH A HARD HADRONIC JET

A. Parton-Level considerations

The qualitatively poor agreement of the effective the-
ory of Eq. (3) with the full theory persists if additional
jet radiation is included. Naively we could have expected
that accessing smaller invariant masses in the Higgs sys-
tem due to significant initial state radiation might re-
sult in a better agreement with the effective theory of
Eq. (3). However, especially for hard jet emission, which
allows the Higgs pairs to access large invariant masses
in a new collinear kinematical configuration compared
to pp → hh + X , the disagreement of full and effective
theories is large (Fig. 5).
Given these shortcomings of the effective theory, we

implement the full matrix element in the Vbfnlo frame-
work using FeynArts/FormCalc/LoopTools. We

[Dolan, Englert, Spannowsky 1206.5001]

pp ! hh+ j +X
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Merging and matching 
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merging via MLM

• supplement the parton shower (PS) (soft/collinear 
QCD radiation) with exact matrix elements (MEs).

• use a merging scheme to put PS and MEs together, 
avoiding double-counting. 

• MLM method “matches” jets to partons according 
to a “merging” scale and vetoes accordingly.  

[Q. Li, Q. Yan, X. Zhao, 1312.3830]

[P. Maierhöfer, AP, 1401.0007]



hh merging via MLM

• implementation using MadGraph+Pythia, [Q. Li, Q. Yan, X. 
Zhao, 1312.3830]

• our implementation: using OpenLoops generator: 
evaluates one-loop MEs efficiently using numerical 
& tensor integral reduction.

• kinematical description of the first jet at high-pT: via 
exact ME for hh+1 parton.

• MLM merging performed in Herwig++.

[P. Maierhöfer, AP, 1401.0007]

[F. Cascioli, P. Maierhöfer, S. 
Pozzorini, 1111.5206]

[Li, Yan, Zhao, 1312.3830]



merging via MLM
[P. Maierhöfer, AP, 1401.0007]
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Figure 4. The transverse momentum of the di-Higgs system and the transverse momentum of a
Higgs boson, phh? and p

h
? respectively (top), the distance between the two Higgs bosons, �R(h, h),

and the p? of the leading jet (bottom). The merged samples are shown in blue, with the blue line
corresponding to µ = 2(mh + p

hh
? ) and the un-merged samples are shown in red, with the red line

corresponding to µ = 2mh. The bands show the envelope of scale variations between µ = mh + p

hh
?

and µ = 4(mh + p

hh
? ) for the merged sample and µ = mh and µ = 4mh for the un-merged sample.

The merging parameters were chosen to be ĒTclus = 60 GeV, ✏clus = 30 GeV. The ratio sub-plot is
taken with respect to the un-merged sample with µ = 2mh.

will constitute the largest component of the irreducible background, via

pp ! tt̄ ! (⌧�⌫̄⌧ b)(⌧
+

⌫⌧ b̄) . (4.1)

We consider the case of a 14 TeV LHC, and normalise all hh inclusive cross sections to
the NNLO cross section obtained within the effective theory in [20], �

NNLO
hh = 40.2 fb.

We consider four different samples, un-merged with scales set to µ = mh and µ = 2mh

and merged with scales µ = mh + p

hh
? and µ = 2(mh + p

hh
? ). The merging parameters

– 9 –

• scale uncertainty reduction: from leading-log in PS to LO 
in ME for the first jet pT.

• e.g. transverse 
momentum of Higgs 
boson pair.

• red: parton shower, 
blue: merged sample. 
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P. Torrielli, E. Vryonidou, M. Zaro, 1401.7340]

• use exact LO and real emission MEs (hh+1 parton) as was 
done with merging. 

• use the “two-loop” virtual corrections as obtained using 
the low energy theorem (              ), reweight according to 
exact LO.

Mt ! 1

• match via MC@NLO method: removes the double-
counting resulting from combination of hh+PS and hh+1 
parton ME. 



matching using MC@NLO
[R. Frederix, S. Frixione, V. Hirschi, F. Maltoni, O. Mattelaer, P. 
Torrielli, E. Vryonidou, M. Zaro, 1401.7340]

• other hh production processes also included in the 
aMC@NLO framework:
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Figure 2: Total cross sections at the NLO in QCD for the six largest HH production channels at pp colliders. The thickness of the lines
corresponds to the scale and PDF uncertainties added linearly.

scale and PDF uncertainties added linearly. More details
are available in table 1 for selected LHC energies, i.e., 8,
13 and 14 TeV. The first uncertainties (in percent) corre-
sponds to scale variation, while the second (only shown at
the NLO) to PDFs systematics. Several observations are in
order. Firstly, contrary to what happens in single-Higgs
production, the top-pair associated channel is the third-
largest starting at about

√
s =10 TeV, and becomes the

second-largest when c.m. energies approach
√

s =100 TeV.
Secondly, the theoretical uncertainties due to scale varia-
tions in the three most important processes (gluon-gluon
fusion, VBF, and tt̄ associated production) are sizably re-
duced by the inclusion of the NLO corrections. Thirdly,
the K-factor is always slightly larger than one, except for
gluon-gluon fusion where it is of order two, and for the top-
pair associated channel where it is smaller than one. Fi-
nally, PDF uncertainties are comparable to NLO scale un-
certainties, except in the case of gluon-gluon fusion, where
the latter are dominant. In the case of V HH and tjHH
production it is manifest that the standard procedure of
determining uncertainties due to missing higher orders by
varying the scales does not give a reliable estimate, as
NLO corrections for these processes are much larger than
the LO scale dependence band. This is due to two facts:
these processes are purely electro-weak processes at the
LO, and therefore the scale uncertainties are artificially
small; furthermore in the kinematic region probed by these

processes, the quark-gluon initiated channel which opens
up at the NLO can be important.

In fig. 3 we display total LO and NLO cross sections
for the six dominant HH production channels at the LHC
with

√
s =14 TeV, as a function of the self-interaction cou-

pling λ. The dashed (solid) lines and light- (dark-)colour
bands correspond to the LO (NLO) results and to the scale
and PDF uncertainties added linearly. The SM value of
the cross section corresponds to λ/λSM = 1. The sensi-
tivity of the total cross sections to the actual value of λ
depends in a non-trivial way on the relative couplings of
the Higgs to vector bosons and top quarks, and on the
kinematics in a way that is a difficult to predict a priori,
i.e., without an explicit calculation. The reduction of the
scale uncertainties that affect the gg → HH , VBF, and
tt̄HH rates, due to the inclusion of NLO corrections, and
pointed out in table 1 for the SM, is seen here also for
values of λ ̸= λSM.

We then plot typical distributions for all channels and
at the 14 TeV LHC, which we obtain by generating sam-
ples of events at parton level, which are then showered
with Pythia8 (solid) and HERWIG6 (dashes). Being
tiny at the 14 TeV LHC, we do not show the results for
single-top associated production. We present observables
at the NLO+PS accuracy in the main frames of the plots:
the transverse momentum of the hardest (softest) Higgs in
fig. 4 (fig. 5), and the transverse momentum (fig. 6) and the

4
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FIG. 2: Comparison of the (normalized) pT,h distributions in pp → hh+X at LO for different multiples of the trilinear Higgs
coupling λ (mt = 172.5 GeV and mb = 4.5 GeV using CTEQ6l1 parton densities).
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FIG. 3: Comparison of pp → hh + X at LO. We choose
mt = 175 GeV as in Ref. [15], from which we also obtain
the dashed blue reference line, and mb = 4.5 GeV and we use
the CTEQ6l1 parton distributions.

The resulting inclusive hadronic cross sections are plot-
ted in Fig. 3, where we also show results for non-SM tri-
linear couplings, varied around the SM value (see Eq. (1))

λSM =

√

η

2
mh . (4)

Note that choosing a value different from λSM does not
yield a meaningful potential in terms of Eq. (1), but al-
lows to constrain λ in hypothesis tests using, e.g., the
CLs method [24].
We also show the result of Ref. [15] for comparison

and find excellent agreement in total, keeping in mind
that the results of Ref. [15] were obtained using the GRV
parametrizations of parton luminosities [25], which are
different from the CTEQ6l1 [26] set that we employ for
the remainder of this paper§.

§Using the integration-mode of FormCalc/LoopTools with the

Interference between the different non-zero contribu-
tions depicted in Fig. 3 becomes obvious for the differ-
ently chosen Higgs self-couplings. We also learn from
Fig. 3 that the dihiggs cross section has a fairly large
dependence on the particular value of the trilinear cou-
pling for a mh = 125 GeV Higgs boson. The qualitative
Higgs mass dependence for different values of the trilinear
self-coupling in Fig. 3 is easy to understand: The Higgs
propagator in Fig. 1 (c) is always probed off-shell at fairly
large invariant masses; this renders the triangle contribu-
tions subdominant compared to the box contributions of
Fig. 1 (b). For Higgs masses close to the mass of the loop-
dominating top quark, we have s ≃ 4m2

t , which results
in resonant contributions of the three-point functions of
Fig. 1 (c), well-known from one-loop gg → h produc-
tion [27]. This ameliorates the s-channel suppression of
the trilinear coupling-sensitive triangle graphs and causes
the dependence of the cross section on the trilinear cou-
pling to become large at around mh

<∼ mt.
To gain sensitivity beyond total event counts, it is im-

portant to isolate the region of phase space which is most
sensitive to modifications of the trilinear coupling in or-
der to set up an analysis strategy which targets the tri-
linear self-coupling most effectively. At the parton level,
there is only a single phenomenologically relevant observ-
able to hh production, which can be chosen as the Higgs
transverse momentum pT,h. In Fig. 2 we show the dif-
ferential pT,h distribution for different values of λ and
mh = 125 GeV. The dip structure for λ > λSM results
again from phase space regions characterized by s ∼ 4m2

t ,
which are available if mh < mt, and the resulting maxi-
mally destructive interference with the box contributions.
The above points suffice to give a qualitative assess-

ment of the prospects of measurements of λ in the pp →
hh+X channel:

• the Higgs bosons from inclusive dihiggs productions

CTEQ6l1 set we obtain perfect agreement.

[ Dolan, Englert, Spannowsky, 1206.5001]

sensitivity lies in the low-pT region. 
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new particles
• hh can probe the presence of new particles:

• (a) e.g. in the loops:

• (b) e.g. in a propagator coupling to two Higgs bosons:

71

h

h

h
h

h

X X

X
h

h

t, b [hh resonances have already been 
searched for by ATLAS & CMS in 
Run 1: 1406.5053, CMS-PAS-
HIG-13-032, 1503.04114]
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(a): e.g. particles in loops
• e.g. real scalar colour-octet, coupling to the SM Higgs via:

72

[e.g. Kribs, Martin, 1207.4496]S2
a�

†�

• e.g. top partners:

vector-like SU(2)L singlets
qL = (tL, bL)

tR, bR

Q = (T,B)

U, D

SM third gen.: heavy fermions: 

[left- and right- handed components have identical 
transformation properties under SU(2)L × U(1)]

[e.g. Chen, Dawson, Lewis, 1406.3349]

 vector-like SU(2)L doublet
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(b): e.g. Higgs portal scenario

73

V = µ2
S |�S |2 + �S |�S |4 + µ2

H |�H |2 + �H |�H |4

+ ⌘�|�S |2|�H |2

[e.g. (di-Higgs): Dolan, Englert, Spannowsky,1210.8166,
e.g. (general) Barbieri, Gregoire, Hall, hep-ph/0509242]

|�H ||�S |: SM Higgs doublet : Hidden sector doublet 

[“mirrored”]
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(b): e.g. Higgs portal scenario

• after EWSB:                                

73

V = µ2
S |�S |2 + �S |�S |4 + µ2

H |�H |2 + �H |�H |4

+ ⌘�|�S |2|�H |2

[e.g. (di-Higgs): Dolan, Englert, Spannowsky,1210.8166,
e.g. (general) Barbieri, Gregoire, Hall, hep-ph/0509242]

|�H ||�S |: SM Higgs doublet : Hidden sector doublet 

|�S,H | = vS,H/
p
2

one gets two Higgs scalars: h, H.

and couplings: hhh, HHH, hHH, hhH.
pp ! hh, hH, HHget: )

[“mirrored”]
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• example parameter point:
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[Dolan, Englert, Spannowsky, 1210.8166]

vS ' 246 GeV

vH ' 24 GeV

mh ' 125 GeV
mH ' 255 GeV

�H ' 24 GeV
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(a) σ/σ(portal) and invariant di-Higgs
mass distribution for pp → hh+X at the

LHC 14 TeV.
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FIG. 2: Upper panels: cross sections in the portal scenario for the parameter point mentioned in the text. We scan over the
multiples of the trilinear couplings Eq. (2.3) that are in one-to-one correspondence with diagrams involving the h,H propagators
and show contours relative to the central expectation Eq. (2.4). Lower panels: invariant di-Higgs mass distributions.

production∗:

hhh : 3/2(2λHs3χvH + 2λSc
3
χvS

+ ηχc
2
χsχvH + ηχcχs

2
χvS) , (2.3a)

HHH : 3/2(2λHc3χvH − 2λSs
3
χvS

+ ηχcχs
2
χvH − ηχc

2
χsχvS) , (2.3b)

hHH : 2(3λH − ηχ)c
2
χsχvh + 2(3λS − ηχ)cχs

2
χvS

+ ηχs
3
χvH + ηχc

3
χvS , (2.3c)

hhH : 2(3λH − ηχ)cχs
2
χvH − 2(3λS − ηχ)c

2
χsχvS

+ ηχc
3
χvH − ηχs

3
χvS , (2.3d)

where cχ = cosχ and sχ = sinχ. Current observations
leave open a lot of parameter space for such signatures
to be relevant at the LHC. In Fig. 1 we scan over the pa-
rameters of the Higgs portal potential enforcing unitarity
and electroweak precision constraints, as well as current
limits from the ATLAS and CMS experiments [2, 3]. If

∗Triple Higgs production, which is sensitive to the modified Higgs
quartic couplings yields phenomenologically irrelevant cross sec-
tions just like in the SM [16].

the heavier Higgs mass is mH ≥ 250 GeV, there are pa-
rameter choices such that the sin2 χ suppression of the H
decay to SM matter from Eq. (2.2) renders the prompt
decay of H to observable SM matter subdominant to the
cascade decay H → hh. This can be traced back to large
trilinear couplings O(vH , vS) that arise as a consequence
of electroweak symmetry breaking. Therefore, there is
the possibility to constrain the portal model by measur-
ing the trilinear couplings in resonant and non-resonant
pp → hh, hH,HH +X production.
In Fig. 2, we show a scan over the cross sections

of pp → hh, hH,HH → (visible) as functions of the
involved trilinear couplings for a exemplary parameter
point vS ≃ 246 GeV, vH ≃ 24 GeV, mh = 125 GeV, and
mH ≃ 255 GeV, ΓH = 24 GeV. The central inclusive
cross section values at leading order implying (prompt)
visible final states are

pp → hh+X : 44.4 fb (2.4a)

pp → Hh+X : 5.57 fb (2.4b)

pp → HH +X : 667 ab (2.4c)

(the SM cross section is 16 fb). Comparing to the
NLO QCD corrections in the context of the (MS)SM
by running Higlu [33] and Hpair [34], we can expect

• leads to (LO):

• constrain the model by measuring the above.

• [note: phenomenology similar in the MSSM.]

[NLO K-factor ~ 2]

(b): e.g. Higgs portal scenario


