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✦ Higgs self couplings: Not yet measured at the LHC 
✦ Higgs potential: 

Motivation

V(H ) = 1
2
MH
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Triple	
  Higgs	
  production:	
  
σ<0.1fb	
  at	
  14TeV



Higgs pair production at the LHC

Gluon gluon fusion 

dominates 
σ~35fb at 14TeV

Vector boson 
associated production 
and ttHH hierarchy 
reversed compared to 
single Higgs production
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Frederix et al. arxiv:1401.7340 
Publicly available in MG5_aMC@NLO

Eleni Vryonidou  4

See also Baglio et al.  
arxiv:1212.5581 for a 
survey of all channels 



HH in gluon-gluon fusion

Biggest cross section 
Loop-Induced

Glover, Van der Bij Nucl.Phys. B309 (1988) 282  
Plehn, Spira, Zerwas, Nucl.Phys. B479 (1996) 46  
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❖ Exact NLO computation requires:  
❖ Real emissions: HHj one loop      
❖ Virtual corrections: Include 2-loop amplitudes 

❖ NLO results in the HEFT: 
❖ Dawson, Dittmaier, Spira hep-ph/9805244  
❖ Improved by exact LO contribution 

❖ NNLO results in the HEFT : De Florian and Mazzitelli, 
arXiv:1309.6594, Grigo et al, arXiv:1408.2422

✔
✗
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HEFT approach in HH production
How well does the HEFT work for HH?

10-20% difference for the total cross section

Looking closely...

●Differential distributions p
T
 and m

HH

Using MadGraph5  
implementation of 
LET and MadLoop
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HEFT fails to reproduce the 
differential distributions
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important observation is that the Born-improved result is 11% larger than our baseline

one. We also note here that the Born-improved result obtained by a local event-by-event

rescaling is within 1% of what one would obtain from a global Born rescaling obtained

using the total cross section numbers, i.e., σNLO
HEFT × σLO

FT /σ
LO
HEFT . The difference from

the Born-improved result only slightly reduces (9%) when an estimate for the finite top-

quark mass terms from the two-loop contributions is included, see last line of tab. 1. Our

NLO FTapprox result is rather stable in that respect. This is related to the fact that the

cancellation we discussed earlier for single Higgs production is only relevant very close to

the tt̄ threshold, with the Born-rescaled result rapidly rising over the exact one above the

threshold. In the case of single Higgs production, we have indeed checked that for Higgs

masses above 400 GeV the NLO FTapprox result (only including the exact real emission

matrix element but not the known two–loop virtual results) is closer to the exact result

than the corresponding Born-improved one. In the case of Higgs pair production, one could

also argue that even if a similar cancellation of the top-quark mass effects between the real

and virtual corrections occurred at the tt̄ threshold, it would not have a very pronounced

effect on the total cross section, as for Higgs pair production the peak of the invariant mass

distribution is located at higher mass values.

At this point it is worth to recall the results of ref. [57], where the top-quark mass

effects at NLO in QCD were estimated by computing the first few terms in the 1/m2
t

expansion for the K−factor. The 1/m2
t expansion is known not to converge well at LO [19]

and is not supposed to work beyond or even close to the
√
s = 2mt threshold, around and

beyond which the bulk of theHH cross section resides. However, in ref. [57] an attempt was

made by combining the exact Born cross section with the 1/m2
t expanded K−factors, as a

“taming” technique for the expansion. A +10% increase with respect to the Born-rescaled

HEFT result was found, i.e., an effect similar in size but opposite in sign to our estimate.

Combined with our findings, the estimate of ref. [57] implies that the difference between

the finite part of the Born-rescaled HEFT virtuals and the exact ones should account for a

+20% increase of the total cross section, a quite large effect indeed, especially considering

that by including top-mass effects in the virtual corrections estimated via the known two-

loop triangles, leads only to a couple of percent increase. Besides, we note that the results

of the same 1/m2
t expansion approach applied to the production of a single heavy Higgs

of mass between 400 and 500 GeV, are known to overestimate the exact results in the FT

when no high-energy matching is performed [55,85,86].

While only an exact calculation of the missing two-loop amplitudes will finally settle

this issue, the NLO FTapprox approach provides central values for the cross sections that

appear rather robust, predicting a correction of about -10% with respect to those obtained

by means of the Born-improved HEFT. In addition, together with the results of ref. [57],

our study provides an estimate of about 10% for the uncertainty to be associated with the

HEFT calculation due to the missing top-quark mass effects. Such an uncertainty should

be quoted along with the other theoretical uncertainties in the HEFT calculations, at NLO

but also at NNLO.

Finally, we note that including the exact one–loop 2 → 3 matrix elements provides

a more accurate description of the tails of the distributions where hard parton emissions
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counterterms are such that Born-like (S-events) and real-emission (H-events) unweighted

events can obtained as the corresponding subtracted cross sections are separately finite.

The corresponding contributions to the total cross section can be written as

dσ(H) = dφn+1 (R− CMC) , (3.2)

dσ(S) = dφn+1

[

(

B + V + Cint
) dφn

dφn+1
+ (CMC − C)

]

. (3.3)

In the MadGraph5 aMC@NLO framework, one can automatically generate the code

corresponding to the Born, virtual, real amplitudes, the counter terms and the phase

space [50,75] in one go in order to compute cross sections and generate events for gg → HH

at NLO in QCD in the HEFT. All the finite heavy-quark one-loop matrix-elements (i.e.

those entering the Born and real contributions) needed can also be obtained within Mad-

Graph5 aMC@NLO. Note, however, that two limitations presently make the automatic

computation of the exact NLO result not possible. First, the computation of cross sec-

tions that have a loop Born matrix-element is not automated yet (even at the LO only).

Second, even with the automation for loop-induced processes, the need for the two-loop

amplitudes would require an external routine, as this cannot be performed automatically

by MadLoop. Therefore, the inclusion of heavy-quark effects needs manipulation that can

in principle be performed in two ways.

The first option is to generate the code for an NLO computation in the HEFT and

then replace the matrix-elements (for B,V,R, Cint and CMC) with the corresponding ones

in the FT. Even though this is the simplest option, it features several drawbacks. First, this

method is very inefficient as the (computationally expensive) one-loop and two-loop matrix

elements routines would then be called many times to probe and map all regions of phase

space. In addition, it requires the evaluation of the real one-loop matrix elements in the

FT in regions of phase space very close to the soft/collinear limits, i.e. where they might

feature unstable configurations. For such points, multiple precision needs to be employed

at the cost of a growth of the running time by a factor of a hundred.

The second option is to include the top-quark mass effects by reweighting after hav-

ing generated the short-distance events and before these are passed to a parton shower

program. In order for this procedure to be applied, all the weights corresponding to the

separate contributions (events and counter events) and the corresponding kinematics, which

is in general different between events and each of the counter events, need to be saved in

an intermediate event file. With this information it is then possible to recompute the to-

tal event weight by reweighting each contribution by the matrix-elements in the FT. The

weights corresponding to B,V, C(int), CMC are rescaled by the ratio BFT/BHEFT , while

those corresponding to R by the ratio RFT /RHEFT . When unweighted events are gener-

ated, this amounts into rescaling the whole weight of S-events with Born matrix-elements,

and the different terms corresponding to H-events as written above. This solution has the

advantage of requiring the FT matrix-elements to be evaluated in significantly fewer phase

space points than those used while integrating it directly. In addition, it is completely

general and only assumes that there are no regions in phase space where the HEFT gives

a vanishing contribution while the full theory does not. In our case this condition is sat-
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• Within the MG5_aMC@NLO framework: 
• HEFT UFO model allows us to generate events at NLO 
• MadLoop can perform the computation of the exact one-loop 

matrix elements: born and real-emission 

• Event by event basis reweighting: Fully differential 
• Better description of hard emissions
• Matching to parton showers with the MC@NLO method

Hpair approach

● Real and virtual corrections: factor out the Born 
cross-section (hep-ph/9805244)

≈ x

≈ x

arxiv:1401.7340 and 1408.6542

NLO HH production: A step further
Available information:

Exact	
  real	
  emission	
  matrix	
  elements	
  
Virtual	
  corrections	
  in	
  the	
  HEFT-­‐rescaled	
  by	
  the	
  exact	
  born

Figure 1: Representative Feynman diagrams for box and triangle topologies for Higgs pair pro-
duction in gluon-gluon fusion at the lowest order in perturbative QCD. The two gauge-indepedent
classes of diagrams interfere destructively.

a)

b )

Figure 2: Sample of Feynman diagrams for the NLO Higgs pair production in gluon-gluon fusion.
a) Real one-loop and b) virtual two-loop corrections.

introduced, where the corresponding lagrangian reads

LHEFT =
αS

12π
Ga

µνG
a,µν log

(

1 +
H

v

)

, (2.1)

G being the QCD field tensor. The main motivation for using this approximation is that

it makes the computation of higher-order corrections feasible. The approximation has

been proven to work extremely well for single Higgs production [56]. The HEFT provides

accurate predictions for the total rates as well as for the differential distributions when the

invariants involved are not much larger than the top quark mass. Unfortunately, in the

case of double Higgs production, the relevant scale is at least the invariant mass of the HH

pair which is typically ! 2mt and therefore the HEFT provides only a rough approximation

for the total rates and a very poor one for the relevant distributions [19,34].

Given the fact that the full NLO results are not presently available and that the HEFT

gives a poor description of the process, efforts have been made to improve results taking

into account heavy-quark loop effects at least in an approximated way. A first step in

this direction has been taken in the seminal NLO calculation for Higgs pair production,

as implemented in the code HPAIR [6, 46], which provides total cross sections in the

SM and in SUSY. In this case, the NLO calculation is performed within the HEFT, yet

all contributions (virtual and real) to the short-distance parton-parton cross section are

expressed in terms of the LO cross section times an αS correction. The LO cross section in

the HEFT is then substituted by the LO one with the full heavy-quark mass dependence.
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Total cross-section results for gg
● Total cross section at a function of the CoM energy: 

● Loop-improved

● Born-improved (similar to Hpair)

● LET

~10% difference 
between the loop 
improved (including 
real emission) and 
Born improved 
results 

EFT quickly 
diverges at high 
energies

~3% effect of using 
the complex mass 
scheme

NLO FTapprox 
Born-improved HEFT 

HEFT Comparing: 
• NLO FTapprox (exact real-

approximate virtuals)  
• Born-improved HEFT 
• NLO HEFT 

Reduction of the cross section 
by about 10% compared to the 
Born-improved results at 14 TeV 

Results: Total cross section for HH

Results	
  at	
  14	
  TeV	
  [fb]

10% : Exact real 
emission amplitudes

HH production in gluon-gluon fusion at 14 TeV Cross section [fb]

HEFT 19.2+35.2+2.8%
−24.3−2.9%

LO FT, Γt = 0 GeV 23.2+32.3+2.0%
−22.9−2.3%

FT, Γt = 1.5 GeV 22.7+32.3+2.0%
−22.9−2.3%

NLO

HEFT 32.9+18.1+2.9%
−15.5−3.7%

HEFT Born-improved 38.5+18.4+2.0%
−15.1−2.4%

FTapprox (virtuals: Born-rescaled HEFT ) 34.3+15.0+1.5%
−13.4−2.4%

FT′

approx (virtuals: estimated from single Higgs in FT) 35.0+15.7+2.0%
−13.7−2.4%

Table 1: Cross section results (in fb) for Higgs pair production in gluon-gluon fusion at 14 TeV.
LO results in the Full Theory are given without and with top-quark width effects. The first NLO
result corresponds to the HEFT, while the second to the Born-improved HEFT. The third NLO
result, FTapprox, corresponds to our baseline approach where all known top-quark mass corrections
coming from one-loop amplitudes are included and the HEFT Born-rescaled approximation for the
two-loop amplitudes is used. In the last result, FT′

approx , the information from the known two-loop
triangles is also used to estimate the full two-loop contributions. More details are given in the
text. All NLO results feature a finite top-quark width. The first uncertainty quoted refers to scale
variations, while the second to PDFs. Uncertainties are in percent. No cuts are applied to final
state particles and no branching ratios are included.

functions (PDFs) are evaluated by using the MSTW2008 (LO and NLO) parametrisation

in the five-flavour scheme [84]. The renormalisation and factorisation scales µR,F are set to

µR = µF = µ0 = mHH/2. The dependence of the predictions on scale and PDF variations

can be estimated at no extra computational cost via a reweighting technique [77]. Scales

are varied independently in the range µ0/2 < µR, µF < 2µ0 and PDF uncertainties at the

68% C.L. are obtained following the prescription given by the MSTW collaboration [84].

Even though b-quark loops can be computed in our setup, b-quark masses as well as their

tiny (∼0.3%) contribution to the HH cross section are neglected in the following.

Table 1 collects our results. We first verify that the effect of the non–zero top-quark

width on the total cross section at LO, a ∼ 2% decrease, directly follows from the results

shown in fig. 3 and the fact that the invariant mass distribution peaks at ∼400 GeV. We

also note the well-known fact that the process receives large QCD corrections as well as the

expected reduction of the theoretical uncertainties for the NLO computations. We then

show three NLO results: i) the Born-improved HEFT result through a local event-by-event

reweighting, ii) the NLO FTapprox result, obtained by combining the exact real emission

matrix elements, with the Born-rescaled HEFT results for the virtual corrections and iii)

the NLO FT′

approx result obtained by combining the exact real emission matrix elements,

with the exact results of single Higgs production for the virtual corrections, as described

previously. For all NLO results we keep the finite top-quark width of 1.5 GeV.

We can now compare the different approximations of the FT NLO result. The first
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LO

NLO

2%: Use of Complex-
Mass-Scheme 
Finite top width
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Differential distributions

NLO plus PS: all channels
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 SM HH Outlook

• Top mass effects are important: ~10% uncertainty due to missing top mass effects 
(see also previous talk and results in arXiv:1305.7340, arXiv:1508.00909) 

Exact NLO calculation computation needed 
Ongoing work to extract the 2-loop amplitudes both analytically and numerically 
Next step: 
• Phenomenology with a ~40fb (gluon fusion) cross-section 
• Which are the promising decay channels to observe the process?  

• bbγγ (1212.5581), bbττ (1206.5001,1212.5581), bbWW (1209.1489,1212.5581), 
bbbb (1404.7139) 

• Recent progress achieved with boosted techniques 
• Prospects for the measurement of the trilinear Higgs coupling at the LHC? 

• Optimistic estimate of 30% accuracy with 3000 fb-1 at 14 TeV (arxiv:1404.7139) 
• Prospects in other channels? ttHH: 1409.8074, VBF: 1506.08008
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Higgs pair production beyond the SM 

•Non	
  SM	
  Yukawa	
  couplings	
  (1205.5444,	
  1206.6663) 
•ttHH	
  interactions	
  (1205.5444) 
•Resonances	
  from	
  extra	
  dimensions	
  (1303.6636)	
   
•Vector-­‐like	
  quarks	
  (1009.4670,	
  1206.6663)	
   
•Light	
  coloured	
  scalars	
  (1207.4496,1504.05596)	
  
•Dimension-­‐6	
  operators	
  (hep-­‐ph/0609049,	
  	
  1410.3471,	
  1502.00539,	
  
1504.06577)	
  

•Higgs	
  Singlet	
  Model	
  (1508.05397)

BSM	
  physics	
  
enhancements

New particles 

Resonances

Higher 
dimension 
operators
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Higgs pair production in the 2HDM 
2HDM: Additional Higgs doublet

hh  hH  HH  hA  HA  AA  H+H-

Pair production in gluon fusion

Type-I and Type-II setups 
2HDM input: 
tanβ, sinα, mh, mH, mA, mH+, m12

2
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h light CP even
H heavy CP even

A CP odd
 H+  H-   Charged

Computation within the MG5_aMC@NLO framework arxiv:1407.0281 
2HDM implementation using NLOCT arxiv:1406.3030



Light Higgs pair production  
Resonant 2HDM scenario

2HDM	
  input:	
  Type-­‐ii

❖ Significant resonant enhancement 
from H➔hh 

❖ Distinctive resonance peak 
❖ Bigger enhancements can be 

achieved with smaller H masses  
❖ See also Baglio et al. arxiv:

1403.1264

✦ Slightly reduced top Yukawa 
✦ Reduced hhh coupling  
✦ Enhanced Hhh coupling

σhh∼ 4 times the SM prediction
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❖ Heavy Higgs mass below the hh 
threshold: No resonant 
enhancement 

❖ Interference between different 
contributions leads to a different 
shape compared to the SM 

❖ Important to study the 
distributions

✦ Slightly enhanced top Yukawa 
✦ Enhaced hhh coupling  
✦ Enhanced Hhh coupling

Light Higgs pair production 
Non-resonant 2HDM scenario

σhh∼ 30% reduction of the SM prediction

2HDM	
  input:	
  Type-­‐i
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Conclusions
• Higgs pair production key to the measurement of triple Higgs 
coupling 

• MC implementation of the process at approximate NLO 
using the exact real emission amplitudes, provided in 
MG5_aMC@NLO 

• Results can now be used for phenomenological studies 
including decays to identify the most promising channels 

• HH can be a window to New Physics 
• 2HDM an attractive framework to study the process: 
Computation for all pair of Higgs bosons in gluon fusion 

• Light Higgs pair production can receive significant total rate 
enhancements due to resonant heavy Higgs production
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Thanks for your attention...


