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Total Cross Section @ 14 TeV
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Uncertainty:

µR = µF =
mHH

2

mH = 125 GeV
mT = 173 GeV

µ 2
hµ0

2

, 2µ0

i
(7� point)

�LO (fb) �NLO (fb) �NNLO (fb)

HEFT 17.07+30.9%
�22.2% 31.93+17.6%

�15.2% 37.52+5.2%
�7.6%

B.I. HEFT 19.85+27.6%
�20.5% 38.32+18.1%

�14.9% 43.63+5.2%
�7.6%*

FTapprox 19.85+27.6%
�20.5% 34.26+14.7%

�13.2% –

Full Theory 19.85+27.6%
�20.5% 32.91+13.6%

�12.6% –

N.I. HEFT – 32.91+13.6%
�12.6% 38.67+5.2%

�7.6%*

de Florian, Grazzini, Hanga, Kallweit, Lindert, Maierhöfer, Mazzitelli, Rathlev 16; 
Maltoni, Vryonidou, Zaro 14 (recalculated by us); Borowka, Greiner, Heinrich, Kerner, Schlenk, Schubert, Zirke 16;  
Dawson, Dittmaier, Spira 98 (recalculated by us); Glover, van der Bij 88 (recalculated by us)

* re-weighted on total cross-section level

Comparison to Full Theory

Can do a similar exercise @ 100 TeV, differences typically larger

��Full
LO ��Full

NLO

HEFT �14% �3.0%
B.I. HEFT 0% +16%
FTapprox 0% +4.1%
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MHH & PT
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PT Hard & PT Soft
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NLO Improved HEFT

d�approx.

dmhh
⌘ d�NLO

dmhh
⇥ d�HEFT

NNLO/dmhh

d�HEFT
NLO /dmhh

First attempt to combine 
full NLO  

+ 
NNLO HEFT (Differential)
de Florian, Grazzini, Hanga, Kallweit, 
Lindert, Maierhöfer, Mazzitelli, Rathlev 
16

Bin-by-bin rescaling of NLO 
by NNLO HEFT K-factor

Borowka, Greiner, Heinrich, SPJ, 
Kerner, Schlenk, Zirke 16

p
s = 14GeV
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NLO Improved HEFT
14TeV 14TeV

14TeV



How to communicate our result  
1D Distributions (done), BHS nTuples (in progress), Grid (?) 

Improve N.I. HEFT 
Fully differential/improved re-weighting (agreed w/ Grazzini et al.) 

Parton Shower 
POWHEG (in progress w/ Luisoni, may need grid), Other MC (?)  

EFT/MSSM/2HDM/... 
EFT (?), MSSM & 2HDM (no concrete plans) 

Result Cross-check & Refinement 
Recalculation by other groups (in progress?) 
Recalculate with top-quark width and                        ,                          (?) 

Thank you for listening!
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Open Questions/ Projects

mT 6= 173GeV mH 6= 125GeV



Backup
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YR4 Numbers

YR4 Prescription:

p
s �0

NNLL (fb) Scale Unc. (%) PDF Unc. (%) ↵S Unc. (%)
7 TeV 7.078 +4.0� 5.7 ±3.4 ±2.8
8 TeV 10.16 +4.1� 5.7 ±3.1 ±2.6
13 TeV 33.53 +4.3� 6.0 ±2.1 ±2.3
14 TeV 39.64 +4.4� 6.0 ±2.1 ±2.2

�(gg ! hh)exactNLO = �(gg ! hh)HEFT
NLO (1 + �t)

�0
NNLL = �NNLL + �t�

HEFT
NLO



Low        : Expansion seems ok in first bin 
Total XS:            differences between first few terms of expansion
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Expansion in Top-quark Mass

(Zirke) Virtuals: asymptotic expansion in            (q2e/exp+ Reduze + matad)
Harlander, Seidensticker, Steinhauser 97,99; von Manteuffel, Studerus 12; Steinhauser 00

1/m2
T

O(5%)

mhh

p
ŝ < 2mT

Grigo, Hoff, Melnikov, Steinhauser 13; Grigo, Hoff 14; 
Grigo, Hoff, Steinhauser 15
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Top-quark Width Effects

Γt = 0 GeV
Γt = 1.5 GeVTop Width Effect

-
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Figure 3: Top width effect on the one-loop (Born) matrix element squared for gg → HH . The
results for Γt = 0 and 1.5 GeV are shown along with the corresponding ratio.

the replacement

mt → mt

√

1− iΓt/mt (4.1)

everywhere in the computation, i.e. to modify the kinematical mass as well as the Yukawa

coupling. The effect of including a non-zero top-quark width is shown in fig. 3, where

the LO matrix element squared for gg → HH is plotted as a function of the invariant

mass of the Higgs pair for Γt = 0 and 1.5 GeV.2 A behaviour similar in size and with the

same negative sign as the single Higgs case [54] is found, with the non–zero width result

displaying a maximum decrease of ∼4% compared to the narrow width result right after

the tt̄ threshold. The results shown here have been obtained at the matrix element squared

level. The final effect on the total cross section at LO at 14 TeV LHC is shown in tab. 1

and amounts to a correction of ∼-2%. For our NLO predictions we will use a top-quark

width of 1.5 GeV.

We now consider the inclusion of the finite top mass in the NLO computation. In

what we dub NLO FTapprox, the Born and real configurations are reweighted with the

corresponding Born and real emission finite top-quark mass matrix elements and for the

virtual configurations, the HEFT result, yet rescaled by the Born in the FT, is used. We

stress again that the only approximation made in this procedure is that coming from the

absence of the exact results for the two-loop virtual terms. As a check we have applied

this method to single Higgs production in gluon-gluon fusion where all elements of the

2We note that here we assumed a 90◦ scattering for all points included in fig. 3, but as the matrix

element has an extremely weak angular dependence [19], this provides a perfectly good demonstration of

the effect also at the level of the Higgs pair invariant mass distribution.

– 8 –

Maltoni, Vryonidou, Zaro 14

Total XS @ LO: reduced by 2% by including top-quark width
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Comparison to Expansion
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Can compare just virtual ME to expansion:

Expansion converges on full

Rescaled better but 
does not describe full 
above threshold

VN≥4 thanks to J. Hoff
Grigo, Hoff, Steinhauser 15
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ŝ < 2mT

V 0
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d�̂LO
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N
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N + d�̂LO
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Triple-Higgs Coupling Sensitivity
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Figure 13: The sensitivity of the various Higgs pair production processes to the trilinear
SM Higgs self–coupling at different c.m. energies. The left panels display the total cross
sections, the right panels display the ratio between the cross sections at a given κ =
λHHH/λSM

HHH and the cross sections at κ = 1.

boson decaying into a photon pair, 6.12% for the Higgs boson decaying into a τ pair and
21.50% for the Higgs boson decaying into off–shell W ∗ bosons.

At the time of the analysis, no generator existed for the signal process, but the matrix

22

Baglio, Djouadi, Gröber, Mühlleitner, Quevillon, Spira 12

ghhh y2T

VBF

�

VBF: More sensitive (but small XS)

ghhh = �gSMhhh

pmin
T,jet

Barr, Dolan, Englert, Ferreira de Lima, Spannowsky 15;  
Mangano et al. 16; Goertz, Papaefstathiou, Yang, Zurita 13; 
Behr, Bortoletto, Frost, Hartland, Issever, Rojo 15

Can increase sensitivity to HH: 
•          cut 
•  
•Multivariate 
�(gg ! HH)/�(gg ! H)

bb̄bb̄
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BSM EFT

Just varying   : one ``direction'' in EFT parameter space�

g

g h

h g

g h

h

h

g

g h

h

t

Parametrise non-resonant new physics with EFT (5 parameters):

y(2)t cgg cg

Azatov, Contino, Panico, Son 15; 
(Cluster analysis) Dall’Osso, Dorigo, Gottardo, Oliveira, Tosi, Goertz 15;  
+ Carvalho, Manzano, Dorigo, Gouzevich 16; 
(B.I. HEFT) Gröber, Mühlleitner, Spira, Streicher 15; 

g

g h

h

t

g

g h

h

t
h
��3

�yt

12 representative 
``clusters''
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Resonant Production
YR4 details two benchmark scenarios for initial study 

Higgs Singlet Model 

Large                
Cross-section can be enhanced by up to 10-20x 

2 Higgs Doublet Model (2HDM) 

Behaviour strongly depends on the scenario

Chapter 7. Higgs Pair Production 9 219

4.2 Higgs Singlet Model5045

The Higgs singlet model [470–472] is a simple example where double Higgs production can receive5046

large contributions from a resonance. The model contains a Higgs doublet, �T = (�+, �̃0 = �0+vp
2

), and5047

Higgs singlet, S = s+hSip
2

, and is described by 5 parameters in the potential:5048

V = �m2�†� � µ2S2 + �1(�
†�)2 + �2S

4 + �3�
†�S2 , (7.15)

where a Z2 symmetry S ! �S and � ! � has been imposed for simplicity. After electroweak symme-
try breaking, both �̃0 and S get vacuum expectation values and the physical fields h, H are mixtures of
the original fields

h = cos ↵ �0 � sin ↵ s

H = sin ↵ �0 + cos ↵ s , (7.16)

and we assume MH > mh in the following. The LO trilinear Higgs couplings are,5049

�hhh = �3m2
h

v

✓

cos3 ↵ � tan � sin3 ↵

◆

(7.17)

�Hhh = �m2
h

v
sin(2↵)(cos ↵ + sin ↵ tan �)

✓

1 +
M2

H

2m2
h

◆

. (7.18)

The NLO relations for the trilinear couplings are in Ref. [473].5050

The input parameters can be taken as (see e.g. [474]),5051

– mh = 125 GeV, MH , cos ↵, v, tan � = v/hsi ,5052

and the Higgs branching ratios to SM particles, XSM , are:5053

�(h ! XSMXSM ) = cos2 ↵ �(h ! XSMXSM )SM

�(H ! XSMXSM ) = sin2 ↵ �(H ! XSMXSM )SM

�H = sin2 ↵ �H,SM (MH) + �(H ! hh)

�h = cos2 ↵ �h,SM (mh) , (7.19)

where �H,SM (MH) are the Standard Model Higgs widths evaluated at MH which are completely fixed in5054

terms of tan �, MH , and cos ↵. ATLAS [475] considered the restrictions from Higgs coupling measure-5055

ments on the parameters of the singlet model and found | cos ↵| > 0.93, where we omit the possibility5056

of the H decaying to some new invisible particles. The heavier Higgs boson contributes to the W mass,5057

which imposes a further limit on cos ↵ as a function of MH [476, 477]. The branching ratio, H ! hh,5058

can be quite large, O ⇠ 20 � 30%, leading to large effects in di-Higgs production. Values of the LO5059

branching ratios and widths for H ! hh for representative values of the parameters are shown in Figs.5060

12 and 13. The maximum and minimum allowed branching ratios, consistent with experimental restric-5061

tions, are shown in Tab. 4.25 as a function of MH .5062

The Mhh distributions in the singlet model show clear resonance peaks as illustrated in Fig. 14.5063

The NLO QCD corrections to double Higgs production can be found in the large mt limit [479] and5064

give a K factor which is approximately the same as in the Standard Model. For MH ⇠ 2mh, the rate is5065

dominated by the resonance contribution which is implemented in the code sHDECAY [480]. For fixed5066

sin ↵ = 0.28 and tan � = 0.5, the predictions for a range of heavy Higgs masses are given in Tabs.5067

7.20-7.23.5068

The enhancements of the di-Higgs cross section in the singlet model can be as large as factors of5069

O(10 � 20) and are typical of those which can be obtained in models with a heavy Higgs particle with a5070

mass near 2mh and a large branching ratio to hh, such as the 2HDM, the MSSM, or the NMSSM. It is5071

interesting to tabulate the largest allowed values of the di-Higgs cross section in the singlet model using5072

the restrictions of Tab. 4.25. These cross sections are shown in Tabs. 7.24-7.27.5073

�T = (�+, �̃0 =
�0 + vp

s
)

S =
s+ hSip

2
H ! hhO(20� 30%)

h0, H0, A,H+, H�2 neutral scalars

Pseudoscalar

2 charged Higgs

Hespel, López-Val, Vryonidou 14
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Lambda Variation
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Lambda Variation
p
s = 100TeV
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Scaling
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Lambda 0 x SM
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Lambda 2 x SM
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s = 14TeV
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Lambda 5 x SM
p
s = 14TeV



Events for virtual: 

1) VEGAS algorithm applied to LO 
matrix element               events 
computed  

2) Using LO events unweighted 
events generated using accept/reject 
method             events remain 

3) Randomly select 665 Events, 
compute at NLO
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Median GPU time per PS point: 2 hours 

Total compute time used: 4680 GPU Hours 

Wall time: 6 days
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Current Experimental Limits

Decay Ch. B.R. 95% Excl. Analysis (
⇥
fb�1

⇤
,
p
s [TeV])

bb̄bb̄ 33% < 29 · �SM ATLAS-CONF-2016-017 (3.2,13)
ATLAS-CONF-2016-049 (13.3,13)

bb̄WW 25% – –
bb̄⌧⌧ 7.3% < 200 · �SM CMS PAS HIG-16-012 (2.7,13)

CMS PAS HIG-16-028 (12.9,13)
CMS PAS HIG-15-013 (18.3,8)

bb̄ZZ 3.0% – –
WW ⌧⌧ 2.71% – –
WWZZ 1.13% – –
bb̄�� 0.26% < 3.9pb ATLAS-CONF-2016-004 (3.2,13)

< 74 · �SM CMS-HIG-13-032 (19.7,8)
���� 0.001% – –

bb̄V V (! l⌫l⌫) 1.23% 400 · �SM CMS PAS HIG-16-024 (2.3,13)
��WW ⇤(! l⌫jj) – < 25pb ATLAS-CONF-2016-071 (13.3,13)

Comb Ch. – < 70 · �SM ATLAS arXiv:1509.04670v2 (20.3,8)



HL-LHC (14 TeV)  
ATLAS+CMS bbγγ + bbττ: Expected significance 1.9 sigma 

ATLAS bbγγ: Signal significance 1.3 sigma 

ATLAS bbττ: Signal significance 0.6 sigma
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Future Experimental Prospects

FCC (100 TeV)

rate growth with collider energy follows the expected pattern, with the neutral channels, gg-dominated,
displaying larger ⇢ with respect to ttW±Z. Theoretical uncertainties for these channels (as well as for
tt̄V ) are under better control with respect to tt̄tt̄, due to the presence of only two powers of the strong
coupling at the LO. These processes, elusive at the LHC, will be accessible at 100 TeV, having cross
sections in the 102 to 103 fb range. Exploiting asymmetry and polarisation effects to probe new physics
is possible for this category as well [420], but the potential of this kind of observables for a 100-TeV
collider still needs to be studied in detail.

Process �NLO(8 TeV) [fb] �NLO(100 TeV) [fb] ⇢

pp ! tt̄tt̄ 1.71 · 100 +25%
�26%

+8%
�8% 4.93 · 103 +25%

�21%
+2%
�2% 2883

pp ! tt̄Z 1.99 · 102 +10%
�12%

+3%
�3% 5.63 · 104 +9%

�10%
+1%
�1% 282

pp ! tt̄W± 2.05 · 102 +9%
�10%

+2%
�2% 1.68 · 104 +18%

�16%
+1%
�1% 82

pp ! tt̄W+W� (4FS) 2.27 · 100 +11%
�13%

+3%
�3% 1.10 · 103 +9%

�9%
+1%
�1% 486

pp ! tt̄W±Z 9.71 · 10�1 +10%
�11%

+3%
�2% 1.68 · 102 +16%

�13%
+1%
�1% 173

pp ! tt̄ZZ 4.47 · 10�1 +8%
�10%

+3%
�2% 1.58 · 102 +15%

�12%
+1%
�1% 353

Table 59: Production of two top-antitop pairs, and of a top-antitop pair in association with up to two
electroweak vector bosons at 8 and 100 TeV [419, 420]. The rightmost column reports the ratio ⇢ of
the 100-TeV to the 8-TeV cross sections. Theoretical uncertainties are due to scale and PDF variations,
respectively. Production of tt̄tt̄ is with the setup of ref. [420].

15.3 Multi Higgs boson production by gluon fusion and VBF
Processes featuring many Higgs bosons in the final state are of the utmost importance at colliders, as
they offer direct information about Higgs self-interactions, which at present have not been observed
at the LHC. These processes offer a unique handle on the nature of the Higgs potential, with crucial
implications not only for SM and BSM phenomenology, but also for more fundamental questions like
the origin of electroweak-symmetry breaking and the stability of the vacuum [492].

In the SM the Higgs potential is

V (H) =
1

2
m2

HH2 + �3HvH3 +
1

4
�4HH4,

with triple and quadruple Higgs couplings equal to each other and predicted in terms of the Higgs mass
and VEV, �3H = �4H ⌘ �SM = m2

H/2v2; measurement of multi-Higgs final states is thus the most direct
way to confirm or disprove this prediction, and for example to provide information about the possible
existence of a richer scalar sector, featuring additional scalar fields.

The dominant production mechanisms of a Higgs pair in the SM are displayed in table 60 and in
figure 173 [493], where the total rate at the NLO in QCD is shown as a function of the hadron-collider
energy. The dominant channel is gluon fusion, as it is for single Higgs, followed by VBF, with a cross
section smaller by more than an order of magnitude.

The cross section for gluon fusion is in excess of 1.5 pb at 100 TeV, see for example [494–496].
This rate is expected to provide a clear signal in the HH ! (bb̄)(��) channel and to allow determination
of �3H with an accuracy of 30�40% with a luminosity of 3 ab�1, and of 5�10% with a luminosity of 30
ab�1 [497–499]. A rare decay channel which is potentially interesting is HH ! (bb̄)(ZZ) ! (bb̄)(4l),
with a few expected signal events against O(10) background events at 3 ab�1 [500].
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