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A new 125 GeV resonance 	


has been found (long time ago…)
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Is it THE Higgs boson	


as expected in the SM?
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Many properties have been measured…
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… but one!
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Figure 1: Classes of diagrams for Higgs pair production in hadron
hadron collisions: double Higgs production on the left-hand side,
and, on the right-hand side, the contribution due to the Higgs self
interaction. Final state particles other than the Higgs bosons are
understood.

by matching NLO computations to parton shower, we gen-
erate samples of events corresponding to each of the pro-
duction channel. With the exception of the gluon-gluon
fusion process which, being loop-induced, needs a special
treatment, our results are obtained automatically in the
MadGraph5_aMC@NLO framework.

In the next section we introduce and review the main
features of the Higgs pair production channels. In section 3
we present the calculation/simulation framework and in
section 4 collect results for selected observables together
with their uncertainties. We summarise our findings and
prospects in the conclusions.

2. Higgs pair production channels

In the SM, the diagrams contributing to Higgs pair
production can be organised in two classes, Fig. 1: those
where both Higgs bosons couple to vector boson or heavy
quarks only and those that feature the Higgs self coupling.
Unitarity of the scattering amplitudes V V → HH and
f f̄ → HH at high energy demands that λ = m2

H/2/v2

and entails the cancellation of terms growing with energy
between the two classes of diagrams. [FM: check this]

The dominant channel for Higgs pair production is
gluon-gluon fusion via virtual top quarks, i.e., box and tri-
angle diagrams. This process therefore starts at the lead-
ing order with a loop, exactly as single-Higgs production.
At variance with the latter, however, the effective field
theory approach where effective vertices are obtained via
the lagrangian LHEFT = αS/(3πv2)(φ†φ)GG, G being the
QCD field tensor, provides only a rough approximation for
total rates and a very poor one for distributions. Improved
results, which take into account loop effects, need there-
fore to be employed in actual phenomenological and exper-
imental studies. Results are available since some time and
implemented in the code HPAIR [12, 13], which provides
total cross sections for SM and in SUSY. In this case the
calculation is done in the EFT approach, yet the Born am-
plitudes entering in the calculation do include exact loop
effects. In particular, virtual and real emission amplitudes
are calculated in the EFT. Unfortunately, this is a poor ap-
proximation for observables such as the pT (HH). In this
work we improve on pure NLO in EFT gluon-gluon fusion

by including loop effects in the Born amplitude as well as
in the real emission ones and by implementing all the in-
gredients in an automatically generated aMC@NLO code
for the EFT. In other words, the only approximation that
is made is that for the finite part of the (two-loop) virtual
corrections, which, being presently unknown, is approxi-
mated by the corresponding one-loop EFT result. In this
respect, our results improve also at the total cross section
level those provided by HPAIR. We also mention that 1/mt

effects at NLO accuracy [15] as well as NNLO results in
the EFT for total rates [16] have appeared recently for this
process.

The second most important production channel is vec-
tor boson fusion (VBF). In this case the NLO QCD cor-
rections are trivial as they involve the same contributions
as for the single-Higgs production. In this case only ver-
tex loop-corrections are computed, i.e., the pentagon and
hexagon loop diagrams are discarded. These contributions
only affect interferences between diagrams featuring iden-
tical quarks, which are negligibly small already at LO.

At variance with single-Higgs production, the associ-
ated production with a tt̄ pair is the third most important
process and, in fact, it is even larger than VBF at high
transverse momentum for the Higgs pair. The inclusion
of NLO QCD corrections for this process is non-trivial as
it involves thousands of Feynman diagrams, of high com-
plexity, such as pentagon and hexagon loops with three or
more different scales. However, our automatic algorithm
has no problems in handling it and event generation can
be done over a medium size cluster in a few hours.

Vector boson associated production channels are the
easiest ones, as all QCD corrections factorise and are only
in the initial state. Our results correspond to on-shell final
state vector bosons.

Finally, to provide the complete set of possibly interest-
ing final states, we also include results for the single-top
associated production. The corresponding cross sections
are tiny at the LHC and of very limited phenomenological
interest in the SM. However, this process is at least of aca-
demic interest because it is sensitive to couplings to both
vector boson and top quark and of their relative phases.

3. Setup

As mentioned above, apart from the gluon-gluon fusion
channel, all results presented in this work have been ob-
tained in a fully automatic way via MadGraph5_aMC-

@NLO. This program is designed to perform the computa-
tion of tree-level and NLO cross sections, including their
matching to parton showers and the merging of samples
with different parton multiplicities. Currently, the full au-
tomation is available in a unique and self-contained frame-
work based on MadGraph5 [17] for SM processes with
NLO QCD corrections. A user can generate a given pro-
cess through a simple shell interface and the correspond-
ing self-contained code is generated on the fly. While it
is possible to also obtain predictions at the ME+PS level
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The Higgs self-coupling
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• The only parameter of the Higgs boson Lagrangian which 
cannot be measured in single Higgs production is its self-
coupling λ

• λ drives the Higgs potential shape:  V(ϕ)=μ2ϕ2/2+λϕ4/4	


• In the SM: MH2=2λv2=-2μ2
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(d) Associated production with top-quarks: qq̄/gg → tt̄HH

Figure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron
colliders.
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The expressions with the complete mass dependence are rather lengthy and can be found
in Ref. [11] as well as the NLO QCD corrections in the LET approximation in Ref. [18].

The full LO expressions for F△, F! and G! are used wherever they appear in the
NLO corrections in order to improve the perturbative results, similar to what has been
done in the single Higgs production case where using the exact LO expression reduces the
disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in
which the known NLO corrections are implemented. As a central scale for this process
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ŝ
∓
√

1−
4M2

H

ŝ
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ggHH also known at NNLO (in the EFT) (de Florian, Mazzitelli, arXiv:1309.6594)	


HH-VBF also known at NNLO (Liu-Sheng, Ren-You, Wen-Gan, Lei, Wei-Hua, Xiao-Zhou, arXiv:1401.7754)	



VHH also known at NNLO (Baglio, Djouadi, Grober, Muhlleitner, Quevillon, Spira, arXiv:1212:5581)
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• ggH at the LO is a loop induced process

• Use an effective theory in the limit mt→∞

• Does it work?
• For the cross-section it does quite well (if mh<mt)

9

The tricky case:	


gg→H

0.9
0.925

0.95
0.975

1
1.025

1.05
1.075

1.1

100 120 140 160 180 200 220 240 260 280 300

σgg(Mt 
n) / σHIGLU

gg

MH / GeV

n=0,2,4,6,8,10

NLO, pp @ 14 TeV

0.9
0.925

0.95
0.975

1
1.025

1.05
1.075

1.1

100 120 140 160 180 200 220 240 260 280 300

σgg(Mt 
n) / σHIGLU

gg

MH / GeV

n=0,2,4,6,8,10

NLO, pp-bar @ 1.96 TeV

(a) (b)

Figure 5: Ratio of the gg induced component of the NLO hadronic cross section as
obtained from Eq. (25) to the value obtained from HIGLU [51], when keeping suc-
cessively higher orders in 1/Mt (decreasing dash-length corresponds to increasing

order); the dotted line is the result obtained from the pure soft expansion σ̂(1),N
gg

through order 1/Mt
10 without the matching of Eq. (25).
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the convergence. The dotted lines represent the result of the heavy-top limit at
NLO (Eq. (8)).
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R. Harlander, K. Ozeren, arXiv:0909.3420
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• ggH at the LO is a loop induced process

• Use an effective theory in the limit mt→∞

• Does it work?
• For the cross-section it does quite well (if mh<mt)
• Be careful for differential distributions (e.g Higgs pT)
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Fixed order results
The exact heavy-quark mass dependence is known up to NLO

R. K. Ellis, I. Hinchli↵e, M. Soldate, J. van der Bij (1988)

M. Spira, A. Djouadi, D. Graudenz, P. Zerwas (1995)

We have implemented the exact heavy-quark mass dependence in a new version

of the numerical program HNNLO

At large pT
the top quark contribution

dominates and reduces

the cross section with

respect to the result

in the large-mt limit

At small pT
the bottom contribution is

significant and changes

the shape of the spectrum

Hayk Sargsyan (University of Zurich) Heavy quark mass e↵ects in Higgs pT spectrum Higgs Hunting 2013 5 / 18
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Double Higgs pair production in the SM: decomposition of the loops
mh=126 GeV, mt=173 GeV), pdf=cteq6l1, 30.000 events

• gg→HH at the LO is a loop induced process too!
• Triangle and box diagrams interfere destructively
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The trickier case:	


gg→HH

10

• gg→HH at the LO is a loop induced process too!
• Triangle and box diagrams interfere destructively

• Unlike the single-Higgs case, EFT (mt→∞) does not work well
• Need to consistently take into account loop effects
• Include the exact one-loop matrix elements 
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gg→HH @NLO	


with MadGraph5_aMC@NLO

11

d�n
NLO = d�n

LO + d�n
V +

Z
d�1 d�n+1

R

• Include exact one-loop born and real emission ME
• Two-loop virtual ME is currently unknown	


• Approximate with the born-rescaled EFT

≃ ×
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Results
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Total cross-section
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(d) Associated production with top-quarks: qq̄/gg → tt̄HH

Figure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron
colliders.
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The full LO expressions for F△, F! and G! are used wherever they appear in the
NLO corrections in order to improve the perturbative results, similar to what has been
done in the single Higgs production case where using the exact LO expression reduces the
disagreement between the full NLO result and the LET result [7, 19].

For the numerical evaluation we have used the publicly available code HPAIR [44] in
which the known NLO corrections are implemented. As a central scale for this process
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• Higgs pair production will be a key process to be looked at the 
next run of the LHC and at a FC	



• It is the simplest class of processes which is sensitive to the 
Higgs boson self coupling λ	



• Accurate predictions for the Higgs pair production mechanisms 
are needed	



• All production mechanisms can be computed at NLO accuracy 
within the MadGraph5_aMC@NLO framework, 	


• All automated, but gg→HH	


• General approach to include loop-ME	



• Fully differential predictions at NLO + PS are available for the 
first time for all production channels

Conclusions

17
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as for Figure 4. The 2HDM parameters are fixed as in benchmark B2.

SM
LO

NLO

(N)LO+PY8 M
a
d
G
ra
p
h
5
a
M
C
@
N
L
O

pp → h0h0,
√
s=14 TeV, B3

-

.

d
σ
/b

in
[p
b
]

0.1

0.01

0.001

0.0001

1e-05

BSM/SM
-

.

mh0h0 [GeV]

B
S
M
/S

M

140012001000800600400200

1.4

1.2

1

0.8

0.6

SM
LO

NLO

(N)LO+PY8 M
a
d
G
ra
p
h
5
a
M
C
@
N
L
O

pp → h0h0,
√
s=14 TeV, B3

-

.

d
σ
/b

in
[p
b
]

0.01

0.001

0.0001

BSM/SM
-

.

p
h0

T [GeV]

B
S
M
/S

M

5004003002001000

1.4

1.2

1

0.8

0.6

Figure 6: Light Higgs pair differential rates as a function of a) the di–Higgs invariant mass mh0h0

(left panels); and b) the hardest Higgs transverse momentum p
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as for Figure 4. The 2HDM parameters are fixed as in benchmark B3.

below the SM yields.

In contrast to the previous cases, the differential distributions in scenario B3 (cf. Fig-

ure 6) barely depart from the SM. The reason is twofold: i) the absence of the on–shell

heavy Higgs contribution; ii) the SM–like pattern of all light Higgs couplings in the limit

ξ = cos(β−α) → 0. In this case, also the trilinear coupling gH0h0h0 is extremely suppressed,

so that the heavy Higgs–mediated process gg → H0 → h0h0 barely contributes. The flat

2HDM/SM cross–section ratio is a further indication that no distinctive 2HDM imprints

– 22 –

tan β α/π mH0 mA0 mH± m2
12

B1 1.75 -0.1872 300 441 442 38300

B2 1.50 -0.2162 700 701 670 180000

B3 2.22 -0.1397 200 350 350 12000

B4 1.20 -0.1760 200 500 500 -60000

B5 20.00 0.0000 200 500 500 2000

B6 10.00 -0.0382 500 500 500 24746

B7 10.00 0.0323 500 500 500 24746

Table 3: Parameter choices for the different 2HDM benchmarks used in our study. All masses are
given in GeV. The lightest Higgs mass is fixed in all cases to mh0 = 126 GeV.
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Table 4: Normalized heavy–quark Yukawa and trilinear Higgs self–couplings for the different
2HDM benchmarks defined in Table 3. All couplings are normalized to their SM counterparts.
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that their size becomes restricted. The fact that the conventional decoupling limit ξ ≪ 1

is not the unique 2HDM setup consistent with a SM–like ∼ 126 GeV resonance is another

remarkable feature of the model. In the so–called alignment limit [122, 135], a SM–like

Higgs state can still be made compatible with additional Higgs bosons as light as ∼ 200

GeV [67, 107–129]. Interestingly, this low–mass region mH0 ! 250 GeV is also elusive to

direct searches – mainly because of the problematic background isolation [136].

These rich phenomenological possibilities are captured by the set of 2HDM benchmark

scenarios which we introduce in Table 3. We employ them further down in Section 4
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• Higgs pair production will be a key process to be looked at the 
next run of the LHC and at a FC	



• It is the simplest class of processes which is sensitive to the 
Higgs boson self coupling λ	



• Accurate predictions for the Higgs pair production mechanisms 
are needed	



• All production mechanisms can be computed at NLO accuracy 
within the MadGraph5_aMC@NLO framework, 	


• All automated, but gg→HH	


• General approach to include loop-ME	



• Fully differential predictions at NLO + PS are available for the 
first time for all production channels

Conclusions
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Backup slides
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Different approximations for gg→HH
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• Only consider terms ~λ	


• Reweight everything with the Born ME (as HPAIR) or  

with the Born and real ME
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NLO: how to?
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NLO: how to?
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NLO: how to?

• Warning! Real emission ME is divergent!	


• Divergences cancel with those from virtuals (in D=4-2eps)	


• Need to cancel them before numerical integration (in D=4)
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NLO: how to?

• Warning! Real emission ME is divergent!	


• Divergences cancel with those from virtuals (in D=4-2eps)	


• Need to cancel them before numerical integration (in D=4)

• Structure of divergences is universal:
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NLO: how to?
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NLO: how to?

• Add local counterterms in the singular regions and subtract its 
integrated finite part (poles will cancels against the virtuals)	



• The n and n+1 body integral now are finite in 4 dimension	


• Can be integrated numerically
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NLO: how to?

• Add local counterterms in the singular regions and subtract its 
integrated finite part (poles will cancels against the virtuals)	



• The n and n+1 body integral now are finite in 4 dimension	


• Can be integrated numerically
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How to do this in an efficient way?
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The FKS subtraction

• Soft/collinear singularities arise in many PS regions	


• Find parton pairs i, j that can give collinear singularities	


• Split the phase space into regions with one collinear sing	


• Soft singularities are split into the collinear ones	


!

!
!

• Integrate them independently	


• Parallelize integration	


• Choose ad-hoc phase space parameterization	



• Advantages:	


• # of contributions ~ n^2	


• Exploit symmetries: 3 contributions for X Y > ng

22
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X
Sij = 1

Frixione, Kunszt, Signer, arXiv:hep-ph/9512328
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• Passarino & Veltman reduction:	


• Write the amplitude at the integral level as linear 

combination of 1-...-4-point scalar integrals	


!
!
!
!
!
!
!
!

• Do this at the integrand level

23
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Loops: the OPP Method
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Loops: the OPP Method

24

Ossola, Papadopoulos, Pittau, arXiv:hep-ph/0609007 & arXiv:0711.3596

• Sample the numerator at complex values of the loop momenta in 
order to reconstruct the a,b,c,d coefficients and part of the rational 
terms (R1)	



• Use CutTools: fed with the loop numerator outputs the coefficients 
of the scalar integrals and CC rational terms (R1)	



• Add R2-rational terms/UV counterterms 	


• Model dependent but process-independent
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Loop ME evaluation: MadLoop

• Load the NLO UFO model	


• Generate Feynman diagrams to evaluate the loop ME	


• Add R2/UV renormalisation counter terms	


• Interface to CutTools or to tensor reduction programs 

(in progress)	


• Check PS point stability (and switch to QP if needed)	


• Improved with the OpenLoops method	


• And much more (can be used as standalone or external 

OLP via the BLHA, handle loop-induced processes, …)
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Hirschi et al. arXiv:1103.0621

Cascioli, Maierhofer, Pozzorini 
arXiv:1111.5206
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• Use suitable counterterms to avoid double counting the emission 
from shower and ME, keeping the correct rate at order αs:	


!
!
!

• MC depends on the PSMC’s Sudakov:	


!
!

• Available for Herwig6, Pythia6 (virtuality-ordered), Herwig++, 
Pythia8 (in the new release)	



• MC acts as local counterterm	


• Some weights can be negative (unweighting up to sign)	


• Only affects statistics

Matching in 	
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