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• Higgs boson pair production cross sections:
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Outline
 SM Higgs potential and Higgs self-coupling λHHH 

 pp ➜ HH cross sections vs  λHHH 

 a challenge for HH production ➜ TH uncertainties 

 HH production BSM 

 searches for HH in Run 1 

 HH production at HL-LHC : present projections 

 HH production at Linear Colliders : present projections 

 Outlook
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https://indico.cern.ch/category/5847/ 
!
(with all relevant references…)

updated discussion in LHC Higgs-XSections Working Groups :

https://indico.cern.ch/category/5847/
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 in the SM : 
 

 needs HH                            needs HHH 
in final states  

 BSM : Max λ deviations   
compatible with no  
other BSM observation: 
few % to ~20% 

 target for both TH and EXP accuracies !

Higgs self-couplings in the SM
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1 Introduction

Recently, both ATLAS and CMS collaborations have discovered a new boson with a mass around
125GeV [1,2] at the Large Hadron Collider (LHC). Its properties are, so far, compatible with the
long sought Standard Model (SM) Higgs boson [3]. In order to decide whether this particle is
indeed responsible for the Electroweak Symmetry Breaking (EWSB), it is crucial to measure its
couplings to fermions and gauge bosons and to verify their proportionality to the particle masses.
Furthermore, a precise measurement of the Higgs self-interaction is needed.

The measurement of the Higgs self-couplings is the only way to reconstruct the scalar potential.
After EWSB, the Higgs potential takes the form

V (H) =
1

2
M2

HH
2 + λ vH3 +

1

4
λ′H4 . (1)

In the SM the trilinear and quartic self-couplings take the same value, λ = λ′ = M2
H/(2v

2), where
v ≃ 246GeV is the Higgs vacuum expectation value and MH its mass. In most new physics
scenarios these couplings deviate from the SM values. Therefore, a determination of the Higgs
self-interaction is necessary both to understand the EWSB mechanism and to try to distinguish
the SM from other models.

The Higgs quartic coupling can be in principle studied via triple Higgs boson production.
However, this cross section is too small to be measured at the LHC [4], and then a determination
of its value is not possible at present time. The situation is different for the trilinear coupling λ
via Higgs pair production if very high luminosities can be achieved,

The possibilities of observing Higgs pair production at the LHC have been discussed in Refs.
[5–12]. Though the analysis is challenging due to the smallness of the signal cross section and the
large QCD background, it has been shown to be achievable at a luminosity-upgraded LHC. For
example for bb̄γγ and bb̄τ+τ− final states, after the application of proper cuts, the significances
obtained are ∼ 16 and ∼ 9 respectively, for

√
sH = 14TeV and

∫

L = 3000 fb−1 [8]. These are so
far the most promising final states for the Higgs trilinear coupling analysis. The application of jet
substructure techniques was shown to be important to further improve on the sensitivity of the
discovery channels [6, 7, 13].

As it occurs for single Higgs [14], the dominant mechanism for SM Higgs pair production
at hadron colliders is gluon-gluon fusion, mediated by a heavy-quark (mainly top) loop. The
corresponding cross section has been calculated at leading-order (LO) in Refs. [15–17]. The next-
to-leading order (NLO) QCD corrections have been evaluated in Ref. [18] in the large top-mass
approximation and found to be rather large, with an inclusive K-factor close to 2, a very similar
situation to the one observed for single-Higgs production at the same order [19–21]. Considering
that the next-to-next-to-leading order (NNLO) corrections for single-Higgs are also sizable [22–24],
it becomes essential to reach the same accuracy for double-Higgs production in order to provide
precise predictions for the process.

A full NNLO calculation requires the evaluation of the corresponding amplitudes for double
real radiation, real emission from one-loop corrections and the pure virtual two-loop contribution.
In this article we present the explicit results for two-loop virtual corrections to the partonic process
gg → HH in the heavy top quark limit. Furthermore, we combine these results with the universal
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λHHH

gg → HH

qq′ → HHqq′, qq̄′ → ZHH/WHH, qq̄, gg → t t̄HH
➪ more than 10 times smaller

Matthias Steinhauser — NLO and NNLO corrections to Higgs Boson Pair Production 4

Promising channels/strategies
Note: single-H: “pb” −→ double-H: “fb”

HH production possible with luminosity-upgraded LHC

gg → HH → bb̄γγ: ≈ 50 signal events for
∫

L = 3000 fb−1
[Baglio,Djouadi,Gröber,Mühlleitner,Quevillon,Spira’13]

similar results: [Baur,Plehn,Rainwater’04]

gg → HH → bb̄ττ : “promising”; gg → HH → bb̄WW ??
σ(gg→HH)
σ(gg→H) ➪ λ > 0 at 95% C.L. with 600 fb−1 [Goertz,Papaefstathiou,Yang,Zurita’13]

gg → HH → bb̄γγ ➪ λHHH with 40% accuracy for
∫

L = 3000 fb−1
[Barger,Everett,Jackson,Shaughnessy’14]

gg → HH → bb̄ττ ➪ λHHH with 60% accuracy for
∫

L = 3000 fb−1
[Barr,Dolan,Englert,Spannowsky’14]

gg → HH + 2j [Dolan,Englert,Greiner,Spannowsky’14]

gg → HHtt̄ : important in case λ > λSM [Englert,Krauss,Spannowsky,Thompson’14]

[Dolan,Englert,Spannowsky’12; Dawson,Furlan,Lewis’13,. . . ]

Matthias Steinhauser — NLO and NNLO corrections to Higgs Boson Pair Production 6

= 0.13

out 
of r

each
 !

N
o

t
r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a
t
i
o

n
o

n
l
y

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

Measuring λhhh

44

arXiv:1305.6397Defining a target accuracy for λ:
   - Maximum deviation in (plausible) BSM scenarios for which...
   - There are no other EWSB states accessible at LHC.
        (ie: first sign of non-standard higgs sector is in λ)
   - Models investigated satisfy existing direct/indirect constraints 

How well do we need to measure λ?
 - SM predicts relationship between mh and λ:
       Verifying relationship directly probes EWSB
 - Modified in many SM extensions.

m2
h = 2�hhhv

2

value of �S required to raise the Higgs mass to 126 GeV in-
creases (this can be understood from the sin2 2� factor in
eq. 47). For tan � = 2 we find �S  0.7, which satisfies
the condition for perturbativity up to the Grand Unification
scale [23] (MGUT ⇠ 2⇥ 1016 GeV), whereas for tan� = 7.5 we
find �S  2, the upper value (�S = 2) leading to a divergence
in �S at ⇠ 10TeV [39]. For tan � > 7.5 we find that the con-
dition for perturbativity up to 10 TeV, �S < 2, is not satisfied.
Thus the maximum possible deviation, if we require perturba-
tivity up to 10 TeV is about �25% for tan � = 7.5,mA = 500
GeV.
Now we come to the question, would the heavier Higgs re-

main undetected by the LHC for this point tan � = 7.5,mA =
500 GeV? In the case of the MSSM this point lies outside
the LHC reach of heavy supersymmetric Higgs searches (see
Fig. 1.21 of Ref. [24]). In the NMSSM the coupling of the
heavier Higgs bosons to down-type quarks and vector bosons
is the same up to the percent level while the coupling to
up-type quarks is reduced with respect to the MSSM. This
means that the we expect similar (in processes controlled
by heavy Higgs boson couplings to down-type fermions like
bb ! H ! ⌧⌧ ) or smaller cross-sections (if the process
involves, for instance, gluon fusion where coupling to the
top would be suppressed relative to the MSSM). Thus we
would expect that if a point like tan� = 7.5,mA = 500
GeV is beyond LHC reach for the MSSM the same would
hold for the NMSSM too, given our construction. Thus
tan � = 7.5,mA = 500 GeV indeed represents a point where
the self-coupling deviation from SM is maximal, and the heavy
Higgs bosons are beyond the LHC reach. The self-coupling
deviation for this point, �25% is thus the target in the case
of the NMSSM.

Model �ghhh/gSMhhh

Mixed-in Singlet �18%
Composite Higgs tens of %
Minimal Supersymmetry �2%a �15%b

NMSSM �25%
LHC 3 ab�1 [36] [�20%,+30%]

Table 1: Summary of the physics-based targets for the triple
Higgs boson coupling. The target is based on scenarios where
no other exotic electroweak symmetry breaking state (e.g.,
new Higgs bosons or “⇢ particle”) is found at the LHC except
one: the ⇠ 126GeV SM-like Higgs boson. Percentages quoted
are approximate maximal deviations for each model based on
the discussion in the text. For the �ghhh/gSMhhh values of super-
symmetry, superscript a refers to the case of high tan � > 10
and no superpartners are found at the LHC, and superscript
b refers to all other cases, with the maximum value of �15%
reached for the special case of tan � ' 5. In the last row,
the best estimates for the 1� accuracy of the measurement of
the triple Higgs coupling at the LHC with 3 ab�1 integrated
luminosity is given. It is assumed here that no additional dy-
namics or operators contribute to non-SM shifts in pp ! hh
except the self-coupling.

4 Conclusions

To summarize, we have found that the 150MeV uncertainty
on the Higgs boson mass that ATLAS and CMS are scheduled
to achieve is likely to be better than we will ever need to
know it in the foreseeable future. Better determinations yield
no obvious advantage in testing any proposed question about
nature that we can formulate today.
On the other hand, we have shown that in beyond the SM

15

Target ~20% constraint on λhhh

   - 20 % measurement of µhh or 
    - 40 % measurement of µhh-VBF

⇒

mH directly related to Higgs dynamics !
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bad news !  ➜   tiny SM HH rates !
 dominant production in pp collisions : 
 
 
 
 
 
 
 
 

 other production channels have  σ < 1/10 σ(HH) :  

4Roma Tre,  10  December  2014

λHHH

gg → HH

qq′ → HHqq′, qq̄′ → ZHH/WHH, qq̄, gg → t t̄HH
➪ more than 10 times smaller
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σ(HH)SM ~ 10-3 σ(H)SM

N. Styles | Higgs XSsec HH Subgroup Meeting |  08/12/2014  |  Slide 2

Introduction

> Self coupling is a fundamental property of the SM Higgs field

 To understand if observed Higgs boson is really SM, must measure this coupling as well 
as its coupling to other particles 

> Self-coupling strength can be determined by measuring Higgs pair 
production cross-section

 Destructive interference between diagrams with and without self-interaction

> NB Analysis is not currently optimised specifically for sensitivity to λ
HHH

 Focus on extracting a signal

14 TeV

destructive interference 
ruled by Yt and 

Promising channels/strategies
Note: single-H: “pb” −→ double-H: “fb”

HH production possible with luminosity-upgraded LHC

gg → HH → bb̄γγ: ≈ 50 signal events for
∫

L = 3000 fb−1
[Baglio,Djouadi,Gröber,Mühlleitner,Quevillon,Spira’13]

similar results: [Baur,Plehn,Rainwater’04]

gg → HH → bb̄ττ : “promising”; gg → HH → bb̄WW ??
σ(gg→HH)
σ(gg→H) ➪ λ > 0 at 95% C.L. with 600 fb−1 [Goertz,Papaefstathiou,Yang,Zurita’13]

gg → HH → bb̄γγ ➪ λHHH with 40% accuracy for
∫

L = 3000 fb−1
[Barger,Everett,Jackson,Shaughnessy’14]

gg → HH → bb̄ττ ➪ λHHH with 60% accuracy for
∫

L = 3000 fb−1
[Barr,Dolan,Englert,Spannowsky’14]

gg → HH + 2j [Dolan,Englert,Greiner,Spannowsky’14]

gg → HHtt̄ : important in case λ > λSM [Englert,Krauss,Spannowsky,Thompson’14]

[Dolan,Englert,Spannowsky’12; Dawson,Furlan,Lewis’13,. . . ]
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[λSM = (mH/v)2/2 =0.13]

SM
t

t
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 tiny σ’s !

5

(a) gg double-Higgs fusion: gg → HH

H

H

H

g

g

Q

H

Hg

g

Q

(b) WW/ZZ double-Higgs fusion: qq′ → HHqq′

q

q′

q

q′

V ∗

V ∗

H
H

(c) Double Higgs-strahlung: qq̄′ → ZHH/WHH

q

q̄′ V ∗

V

H

H

g

g

t

t
H
H

q

q̄
g

(d) Associated production with top-quarks: qq̄/gg → tt̄HH

Figure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron
colliders.

with ŝ and t̂ denoting the partonic Mandelstam variables. The triangular and box form
factors F△, F! and G! approach constant values in the infinite top quark mass limit,

F△ →
2

3
, F! → −

2

3
, G! → 0 . (6)

The expressions with the complete mass dependence are rather lenghty 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 publically available code HPAIR [42] in
which the known NLO corrections are implemented. As a central scale for this process
we choose

µ0 = µR = µF = MHH , (7)

where MHH denotes the invariant mass of the Higgs boson pair. The K–factor, describing
the ratio of the cross section at NLO using NLO PDFs and NLO αs to the leading order

6

NLO corrections, where top loops are taken into account in the infinite top mass
approximation and bottom loops are neglected.

In the following we will present results for MH = 125 GeV. Note that the results for the
total cross sections and uncertainties are nearly the same for MH = 126 GeV. The total
cross sections at the LHC for the four classes of Higgs pair production processes are shown
in Fig. 7 as a function of the c.m. energy. For all processes the numerical uncertainties
are below the permille level and have been ignored. The central scales which have been
used are (µR = µF = µ0)

µgg→HH
0 = MHH , µqq′→Hqq′

0 = QV ∗ , µqq̄′→V HH
0 = MV HH , µqq̄/gg→tt̄HH

0 = Mt+MH . (20)

LO QCD

NNLO QCD

NLO QCD

NLO QCD

qq/gg → tt̄HH

qq̄ → ZHH
qq̄′ → WHH

qq′ → HHqq′

gg → HHMH = 125 GeV

σ(pp → HH+X) [fb]

√
s [TeV]

1007550258

1000

100

10

1

0.1

Figure 7: The total cross sections including higher-order correction at the LHC for Higgs
pair production in the main channels – gluon fusion (red/full), VBF (green/dashed),
Higgs-strahlung (blue/dotted), associated production with tt̄ (violet/dotted with small dots)
– as a function of the c.m. energy with MH = 125 GeV. The MSTW2008 PDF set has
been used and higher–order corrections are included as discussed in section 2.

As can be inferred from the figure and also seen in Table 1 the largest cross section is
given by the gluon fusion channel which is one order of magnitude larger than the vector
boson fusion cross section. All processes are ∼ 1000 times smaller than the corresponding
single Higgs production channels, implying that high luminosities are required to probe
the Higgs pair production channels at the LHC.

3.1 Theoretical uncertainties in the gluon channel

3.1.1 Theoretical uncertainty due to missing higher order corrections

The large K–factor for this process of about 1.5 − 2 depending on the c.m. energy
shows that the inclusion of higher order corrections is essential. An estimate on the size
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are below the permille level and have been ignored. The central scales which have been
used are (µR = µF = µ0)

µgg→HH
0 = MHH , µqq′→Hqq′

0 = QV ∗ , µqq̄′→V HH
0 = MV HH , µqq̄/gg→tt̄HH

0 = Mt+MH . (20)

LO QCD

NNLO QCD

NLO QCD

NLO QCD

qq/gg → tt̄HH

qq̄ → ZHH
qq̄′ → WHH

qq′ → HHqq′

gg → HHMH = 125 GeV

σ(pp → HH+X) [fb]

√
s [TeV]

1007550258

1000

100

10

1

0.1

Figure 7: The total cross sections including higher-order correction at the LHC for Higgs
pair production in the main channels – gluon fusion (red/full), VBF (green/dashed),
Higgs-strahlung (blue/dotted), associated production with tt̄ (violet/dotted with small dots)
– as a function of the c.m. energy with MH = 125 GeV. The MSTW2008 PDF set has
been used and higher–order corrections are included as discussed in section 2.

As can be inferred from the figure and also seen in Table 1 the largest cross section is
given by the gluon fusion channel which is one order of magnitude larger than the vector
boson fusion cross section. All processes are ∼ 1000 times smaller than the corresponding
single Higgs production channels, implying that high luminosities are required to probe
the Higgs pair production channels at the LHC.

3.1 Theoretical uncertainties in the gluon channel

3.1.1 Theoretical uncertainty due to missing higher order corrections

The large K–factor for this process of about 1.5 − 2 depending on the c.m. energy
shows that the inclusion of higher order corrections is essential. An estimate on the size
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(a) gg double-Higgs fusion: gg → HH

H

H

H

g

g

Q

H
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g

Q

(b) WW/ZZ double-Higgs fusion: qq′ → HHqq′

q

q′

q

q′

V ∗

V ∗

H
H

(c) Double Higgs-strahlung: qq̄′ → ZHH/WHH

q

q̄′ V ∗

V

H

H

g

g

t

t
H
H

q

q̄
g

(d) Associated production with top-quarks: qq̄/gg → tt̄HH

Figure 1: Some generic Feynman diagrams contributing to Higgs pair production at hadron
colliders.

with ŝ and t̂ denoting the partonic Mandelstam variables. The triangular and box form
factors F△, F! and G! approach constant values in the infinite top quark mass limit,

F△ →
2

3
, F! → −

2

3
, G! → 0 . (6)

The expressions with the complete mass dependence are rather lenghty 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 publically available code HPAIR [42] in
which the known NLO corrections are implemented. As a central scale for this process
we choose

µ0 = µR = µF = MHH , (7)

where MHH denotes the invariant mass of the Higgs boson pair. The K–factor, describing
the ratio of the cross section at NLO using NLO PDFs and NLO αs to the leading order
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Table 1-21. Cross sections for double Higgs production in pp collisions, including the current estimate
for the theoretical uncertainty from Ref. [90], for mH = 125 GeV. The uncertainty on the tt̄HH process has
not been evaluated.

Cross sections (fb) and theoretical uncertainties (%)p
s gg ! HH qq ! qqHH qq̄ ! WHH qq̄ ! ZHH qq̄/gg ! tt̄HH

(TeV) NLO NLO NNLO NNLO LO

14 33.89+37.2%
�29.8% 2.01+7.6%

�5.1% 0.57+3.7%
�3.3% 0.42+7.0%

�5.5% 1.02

33 207.29+33.0%
�26.7% 12.05+6.1%

�4.2% 1.99+3.5%
�3.1% 1.68+7.9%

�6.7% 7.91

100 1417.83+29.7%
�24.7% 79.55+6.2%

�4.1% 8.00+4.2%
�3.7% 8.27+8.4%

�8.0% 77.82

deviation in a variety of models were recently made in Ref. [94], under the constraint that no other new
physics associated with the model would be discovered by the LHC:

• Mixed-in singlets. Assuming that the mixing angle and heavy Higgs mass are such that the heavy
Higgs is not detectable at the LHC, (��/�)max ' �18%.

• Higher-dimension operators. These can come from composite Higgs models or be introduced to
strengthen the electroweak phase transition to help with baryogenesis. Imposing precision electroweak
constraints yields (��/�)max ' ±20%.

• MSSM. The presence of the second doublet leads to mixing e↵ects. Inclusion of top quark/squark
radiative corrections is important. The largest deviations occur for low tan� and low MA. For
tan� ⇠ 5 and MA ⇠ 200 GeV and top squarks in the range 1–2.5 TeV, the maximum deviation is
(��/�)max ' �15%, but this number depends strongly on the other MSSM parameters and can be as
low as �2%. For higher MA the coupling deviation becomes smaller in accordance with decoupling.

• NMSSM. The additional coupling parameter �S from the singlet a↵ects the scalar potential even when
the singlet is decoupled. Deviations as large as (��/�)max ' �25% are possible for tan� ⇠ 7.5,
MA ⇠ 500 GeV (outside the LHC reach) and top squark mass parameter MS ⇠ 500 GeV, assuming
that �S remains perturbative up to at least 10 TeV. Heavier stops lead to a smaller �S and the deviation
becomes more similar to the MSSM.

In other models, large deviations of the triple Higgs coupling from the SM prediction can be used as
characteristic signatures of the model. For example, a recent proposal [95] to improve the naturalness
of SUSY models by boosting the Higgs mass using “auxiliary” scalar fields with tadpoles predicts a triple
Higgs coupling much smaller than in the SM, as a consequence of the Higgs mass being generated mostly
by its couplings to the auxiliary scalars. A separate study [96] of electroweak baryogenesis in a two-Higgs-
doublet model or the MSSM found that successful baryogenesis resulted in deviations of the triple Higgs
coupling of at least 10% or 6%, respectively.

We point out that exclusion of a coupling deviation of 20% at 95% CL requires a measurement at the
10% level; discovery of such a deviation at 5� requires a measurement at the 4% level. This is a seriously
challenging target for both future LHC upgrades and proposed e+e� colliders.

Community Planning Study: Snowmass 2013

 TH accuracies

~ qqHH
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Figure 3: Left panel: NLO total cross section for Higgs-pair production in association with light and heavy quarks,
and electroweak bosons. Right panel: dependence of the LO and NLO total cross section for di↵erent Higgs-pair-
production channels upon the trilinear Higgs coupling �, at the 14 TeV LHC. Plots are taken from [25].

for example in [16]; even if these terms have not been considered here, their relevance is in fact
expected to increase with the collider centre-of-mass energy, due to the dominance of the gluon
luminosity at small Bjorken-x.
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Figure 4: NLO total cross section for production of three (left panel) and four (right panel) electroweak bosons.

5. Top-antitop associated production

In table 3 and in figure 6, I report results relevant to the production of a top-antitop pair in
association with up to two electroweak bosons, and with an electroweak boson and up to two jets.
The cross section for a top-antitop pair in association with an electroweak vector boson and two
jets is presented here for the first time at the NLO in QCD.

Process pp ! tt̄W± has been recently studied [29] in relation to the top-antitop charge asym-
metry at proton-proton colliders. The absence of the gluon-fusion channel in this process at LO
and NLO is responsible for its more limited cross-section increase ⇢ with respect to the neutral
pp ! tt̄V reactions (see table 3), but is also what enhances the charge asymmetry and makes it

6

SM

no destruct. 
interference 
(k-factor <1) 

important  
for λ>λSM 

Frederix et al, PLB 732 (2014)
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Target: ~ 20% constrain on λHHH
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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 58
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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

gg→hh need σ~20%

VBFhh need σ~40%

arXiv:1212.5581

VBF HH most  
sensitive channel
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gg ➜ HH  (TH): known results
 LO cross section               ~ 18 fb               (√S=14 TeV) 
 NLO (mt ➜ ∞)                 ~ +100% 

 NLO including 1/mt terms     ~ +10% 

 NNLO (mt ➜ ∞)                ~ +20% 

 NNLL soft-gluon resumm.     ~ NLO +20%
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Loop*Integrals*and*EffecHve*Lagrangian

• Within*the*large*topdmass*approximaHon,*the*
effecHve*single*and*doubledHiggs*coupling*to*
gluons*is*given*by*the*following*Lagrangian*
where*CH*=*αS/(3π)*and*v*=*246*GeV:

Le� = �1
4
Gµ�Gµ�

✓
CH

H

v
� CHH

H2

v2

◆
.

Effective Lagrangian (EFT) 
used in the large mt limit 

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.

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 values of
the form factors, one can re-write the Lagrangian of Eq. (3.6) as:

LSM,EFT = (Ga
µ⌫G

µ⌫
a )

↵s

8⇡

✓
h

v
F hq
4 +

h2

2v2
F hq
2

◆
, (3.10)
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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.

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 values of
the form factors, one can re-write the Lagrangian of Eq. (3.6) as:

LSM,EFT = (Ga
µ⌫G

µ⌫
a )
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✓
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TH uncertainties on gg ➜ HH

 scale uncertainty : ~ 20% at NLO (EFT) 
                       ~ 10% at NNLO (EFT) 

  PDF + αS :  ~ 10% 
 finite mtop effects : ~ 10 % (?) 
 mtop uncertainties: 
 Total ➜ ~ 30% ? 
 full two-loop calculation (hard) would help…
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Marco Zaro, 20-11-2014 LHCPhenoNet

mt uncertainties in gg→HH

• Top-mass uncertainty (in mt and yt) at LO and NLO:!
!

!

!

• Beware! Width effects:  
-3% at the LO  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 significant enhancement in many BSM frameworks 
  HH resonant production (KK-gravitons, 2HDM, (N)MSSM,….) 
  — potentially large cross section (up to pb) 
  — mX  shape helps with bckgrs 
 

 HH non-resonant enhancement 
— Composite Higgs/Little Higgs/… 
— can modify λ or/and give rise to new couplings 
— can give strong enhancement at 
   large pT(H)  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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.
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BSM hh Production

Non-resonant hh enhancement: 
  - Generic in many BSM models 
     (composite higgs / little higgs /... )
  - Modify λ or activate new vertices
  - Significant enhancements wrt SM 
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Figure 1: Feynman diagrams for double Higgs production via gluon fusion (an additional contribution comes
from the crossing of the box diagram). The last diagram contains the new non-linear Higgs interaction tt̄hh.

fermions in the spinorial (MCHM4 [27]) and fundamental (MCHM5 [28]) representations one gets

c = d3 =
p
1� ⇠ , c2 = �⇠

2
, MCHM4, spinorial representation , (6)

c = d3 =
1� 2⇠p
1� ⇠

, c2 = �2⇠ , MCHM5, fundamental representation . (7)

Equations (5), (6) and (7) account for the value of the Higgs couplings as due to the non-linearities

of the chiral Lagrangian. The exchange of new heavy particles can however give further corrections

to these expressions. In the following we will neglect these e↵ects since they are parametrically

subleading [37], although they can be numerically important when the top or bottom degree of

compositeness becomes large [38]. This is especially justified considering that in minimal composite

Higgs models with partial compositeness these additional corrections to the couplings do not a↵ect

the gg ! h rate because they are exactly canceled by the contribution from loops of heavy fermions,

as first observed in Refs. [39, 37] and explained in Ref. [38]. For double Higgs production we

expect this cancellation to occur only in the limit of vanishing momentum of the Higgs external

lines. In general, numerically important contributions might come from light top partners (light

custodians). In models with partial compositeness, where the dominant contribution to the Higgs

potential comes from top loops, the presence of light fermionic resonances is essential to obtain

a light Higgs [28, 40]. In particular, m
h

' 120 � 130 GeV requires top partners around or below

1 TeV. It would be interesting to analyze in detail their e↵ects on double Higgs production.

3 Double Higgs production via gluon fusion

In the scenario we are considering, the leading-order contributions to the process gg ! hh come

from Feynman diagrams containing a top-quark loop. The three relevant diagrams are shown

in Fig. 1, and can be computed by using the results of Ref. [21]. We have implemented the

automatic computation of the matrix element as one of the processes of the ALPGEN MonteCarlo

generator [35]. The code will be made public with the next o�cial release of ALPGEN, and it allows

5

Absent in SM

hh production significantly enhanced in many BSM models.  
 h

 h

 h

 h

Resonant hh production: 
 - Host of models
     (KK-gravitions /2HDM/....) 
 - Significant cross-section enhancement on resonance (up to pb) 
 - Exploit mX to reduce (and to model) backgrounds
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Non-resonant hh enhancement: 
  - Generic in many BSM models 
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  - Modify λ or activate new vertices
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Figure 1: Feynman diagrams for double Higgs production via gluon fusion (an additional contribution comes
from the crossing of the box diagram). The last diagram contains the new non-linear Higgs interaction tt̄hh.
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expect this cancellation to occur only in the limit of vanishing momentum of the Higgs external

lines. In general, numerically important contributions might come from light top partners (light

custodians). In models with partial compositeness, where the dominant contribution to the Higgs

potential comes from top loops, the presence of light fermionic resonances is essential to obtain

a light Higgs [28, 40]. In particular, m
h

' 120 � 130 GeV requires top partners around or below

1 TeV. It would be interesting to analyze in detail their e↵ects on double Higgs production.

3 Double Higgs production via gluon fusion

In the scenario we are considering, the leading-order contributions to the process gg ! hh come

from Feynman diagrams containing a top-quark loop. The three relevant diagrams are shown

in Fig. 1, and can be computed by using the results of Ref. [21]. We have implemented the

automatic computation of the matrix element as one of the processes of the ALPGEN MonteCarlo

generator [35]. The code will be made public with the next o�cial release of ALPGEN, and it allows
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 h

 h

Resonant hh production: 
 - Host of models
     (KK-gravitions /2HDM/....) 
 - Significant cross-section enhancement on resonance (up to pb) 
 - Exploit mX to reduce (and to model) backgrounds
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anomalous Higgs-top  
quartic coupling

HH production in BSM
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Djouadi, Kilian, Mühlleitner, Zerwas



Barbara Mele

non-resonant HH enhancement

12Roma Tre,  10  December  2014

Anomalous-couplings-could-show-up-everywhere!-
•  SelfNcoupling-measurements-offers-the-most-direct-way-to-test-the-

paradigm-of-spontaneous-symmetry-breaking.-
------One-of-the-most-important-Higgs-measurements-at-a-future-machine!-
- SM% SM% BSM%

Higgs-selfNcouplings-

BSM

Chen, Low, arXiv:1405.7040
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FIG. 4: Similarities in kinematic distributions for various choices of c
box

, c
tri

, and c
nl

in a pp

collider at
p
s = 100 TeV.

IV. SIMULATIONS AND NUMERICAL STUDY

In this section we perform numerical simulations of gg ! hh in a 100 TeV pp collider. We

use the PYTHIA [19] with the matrix elements from HPAIR [20, 21] and adopt CTEQ6L1

PDF [22] to generate the events.

First we consider e↵ects of new physics in the total production rate of gg ! hh before

any event selections. In this case it is possible to parameterize the total rate in terms of the

parameters c

tri

, c

box

and c

tri

,

�(gg ! hh) = �

SM(gg ! hh)[1.849 c

2
box

+ 0.201 c

2
tri

+ 2.684 c

2
nl

�1.050 c

box

c

tri

� 3.974 c

box

c

nl

+ 1.215 c

tri

c

nl

]. (13)

By comparing with a similar result in Ref. [12] for the LHC with
p

s = 14 TeV, we see at
p

s = 100 TeV there is not much change in the numerical coe�cients in the above equation.

In particular, the coe�cient of c

2
tri

is an order of magnitude smaller than those of c

2
box

and

c

2
nl

, a crucial observation already made in Ref. [12].

Employing Eq. (13), we show in Fig. 5 some examples of new physics e↵ects in the ratio

of the total production cross section of gg ! hh over the SM expectation. In Fig. 5a c

nl

is turned o↵ while c

box

and c

tri

are both allowed to vary between �2 and 2. The resulting

8

interferences between graphs ➜ degeneracies in σ’s
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FIG. 3: Individual contribution from c
tri

, c
nl

and c
box

, respectively, to the LO kinematic distribu-

tions in a pp collider at
p
s = 100 TeV.

dependence in F4 at all, which implies all the p

T

dependence in the c

tri

and c

nl

arise

entirely from the phase space. F⇤, however, does carry the J

z

= 0 component of the D-wave

angular momentum at higher order in the ŝ/m

2
t

expansion [13]. Thus there is a residual p

T

dependence in F⇤. Finally, G⇤ has a strong p

T

dependence because of the D-wave nature.

In Fig. 3b we show the p

T

spectrum from c

tri

, c

nl

and c

box

, turning on one parameter at a

time. Similar to the m

hh

distribution, e↵ects from c

tri

are suppressed in general, due to the

o↵-shell propagator of the Higgs in Fig. 1b.

From Fig. 3 one can deduce a key result of the present study: even after including

kinematic information in the m

hh

and p

T

distributions, various new physics contributions

could still conspire to exhibit m

hh

and p

T

distributions that are similar to those expected in

the SM. In Fig. 4 we show some choices of c

tri

, c

nl

and c

box

which result in similar m

hh

and

p

T

distributions. Fig. 4 also highlights the challenge of a precise measurement of the Higgs

trilinear coupling using gg ! hh: a large number of events would be required to extract

c

tri

, c

nl

and c

box

and break the degeneracy among them. This is the motivation to base

our Monte Carlo simulations and numerical analysis on future experiments in a 100 TeV pp

collider in the next Section.

7

Warning : a small      could mimic effects from BSMcnl ctri

Chen, Low, arXiv:1405.7040
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FIG. 7: Contour plots for the cross section in two energy bins. Bin I: 350 GeV < m
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< 550 GeV
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hh

> 550 GeV. The yellow (cyan) band and the region with two dashed (solid) black

curves are consistent with SM results within 25% (50%) for Bin I and Bin II, respectively. The

SM value is marked with a red cross.
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kinem information from two 
different mhh bins allows for 
a significant improvement in 
constraining ctri wrt using 

the σ measurement alone.
Chen, Low, arXiv:1405.7040

sensitivity on self-coupling  
still the least !
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1 Introduction

The ATLAS and CMS collaborations have recently reported the discovery of a Higgs boson with a

mass of mH ≃ 125 GeV [1, 2]. The measurement of the Higgs boson self-coupling and subsequent

reconstruction of the Higgs potential is crucial in order to confirm whether the Higgs boson discovered

has the properties predicted in the Standard Model.

A direct measurement of the Higgs trilinear self-coupling λHHH requires the study of Higgs bo-

son pair production. At hadron colliders, the dominant Higgs pair production mechanism is gluon

fusion, with the other production mechanisms1 being more than an order of magnitude smaller [3].

For a centre-of-mass energy of 14 TeV, the production cross section of pairs of 125 GeV Higgs bo-

sons is estimated to be 40.8 fb (with an error of ±8.5% from QCD scale uncertainties and ±7% from

PDF+αS ) [4, 5].

The various decays of the Standard Model Higgs boson offer a variety of final states which can be

studied, and the most interesting of these are given in Table 1, along with their branching ratios and the

approximate event yield in the anticipated High-Luminosity LHC (HL-LHC) dataset corresponding to

3000 fb−1.

Decay Channel Branching Ratio Total Yield (3000 fb−1)

bb + bb 33% 40,000

bb +W+W− 25% 31,000

bb + τ+τ− 7.3% 8,900

ZZ + bb 3.1% 3,800

W+W− + τ+τ− 2.7% 3,300

ZZ +W+W− 1.1% 1,300

γγ + bb 0.26% 320

γγ + γγ 0.0010% 1.2

Table 1: Branching ratios for different HH final states, and their corresponding approximate expected

yields in 3000 fb−1 of data before any event selection is applied, assuming a total production cross

section of 40.8 fb and mH = 125 GeV.

The H(→ bb̄)H(→ γγ) final state discussed in this note offers the potential for a clean HH signal ex-

traction thanks to the narrow mass peak of the H → γγ decay. The low branching for this decay mode

leads to low expected signal rates, so only the gluon-gluon production mode has been studied. The

analysis documented in this note has been done using truth-level samples (i.e. 4-vectors describing the

kinematics of the various physics objects) produced by the event generators described in Section 3.1,

applying smearing functions in order to model the expected performance of the upgraded ATLAS de-

tector at the HL-LHC. These smearing functions were obtained from fully simulated samples produced

for various benchmark physics processes, with an average number of collisions per bunch crossing,

< µ >, of around 140 [6, 7]. The high-luminosity conditions provide a challenging experimental envir-

onment, which will be mitigated as far as possible by improvements to the ATLAS detector design and

technology, as described in Ref. [8].

This note focuses on the observation of Higgs boson pair production in the H(→ bb̄)H(→ γγ)
final state; a precise measurement of λHHH would need a combination of analyses from several decay

channels, each with its own sensitivity to the effects of the Higgs self-coupling.

1vector boson fusion, higgsstrahlung, and associated production with tt̄.

1

(40.8 fb NNLO HH)selection of HH final states has to account for:  
- final states experimentally clear and robust  
- final states with large enough production rate 
 HH	
 ➜	
 bbWW [large rates but  S(~103)/B(tt pairs)~10-4] 

 HH ➜	
 bbγγ [clean but small rates], (also  HH ➜	
 bb[ττ,bb,ZZ,µ µ])
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• Many taus/W not 
clear if 2 Higgs

• Zs, photons no 
rate

[Baglio et al. JHEP 1304]

5HXWG  Meeting      Michael Spannowsky             20.11.2014                   

many  studies … results not yet robust !
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CMS-PAS-HIG-14-013 (bbbb)

Production and decay

Enhanced HH resonance
• We search for a heavy
resonance (X ) produced
through gluon fusion.

• The object decays to a pair
of SM Higgs, which decay to
a pair of photons (high
resolution) and a pair of
b quarks (high BR).

• This search concerns the
non-boosted regime,
mX from 260 to 1100 GeV.

Channel Freq. (%)

H(bb̄, cc̄, gg)H(bb̄, cc̄, gg) 47.86

H(bb̄)H(bb̄) 33.30

H(bb̄, cc̄, gg)H(VV⇤) 33.40

H(bb̄, cc̄, gg)H(⌧+⌧�) 8.77

H(bb̄)H(⌧+⌧�) 7.29

H(VV⇤)H(VV⇤) 5.83

H(l+ l�)H(VV⇤) 3.06

H(⌧+⌧�)H(⌧+⌧�) 0.40

H(bb̄, cc̄, gg)H(��) 0.32

H(bb̄)H(��) 0.26

H(bb̄, cc̄, gg)H(µ+µ�) 0.03

H(l+ l�)H(��) 0.03

X

h

h

g

g

b̄

b

�

�

Phil Hebda (Princeton University) X ! HH ! ��bb̄ 8 December 2014 5 / 17

CMS-PAS-HIG-13-032 (γγbb)
ATLAS arXiv:1406.5053 (γγbb)

ATLAS-CONF-2014-005 (bbbb)

narrow resonances from  
WED radion/graviton,2HDM

competitive with  
VV searches
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Assumes SM Higgs BR
Work in progress

This result extends in the bb̄bb̄ final state the search for mX < 500 GeV  
the best limits on the cross section X→HH in the mass range  

from 380 to 600 GeV (921 - 93 fb) 
from 700 to 970 GeV (136 - 23 fb) 

13

No significant deviation from expectation 
h(γγ)h(bb̄) h(bb̄)h(bb̄) complementary 

hh(bb̄bb̄) results are sensitive to spin 
hypothesis 
best channel for mX > 400 GeV 

Constraints on WED (Radion and Graviton), 
2HDM 

Overall hh is competitive with VV searches 
to test WED 

13

CMS-PAS-HIG-14-013 (bbbb)
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bbbb and  γγbb  
complementary

best limits on cross section for X→HH   in mX range 

 380-600 GeV (921-93 fb)  700-970 GeV (136-23 fb)

Run 1 (8TeV)
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28 Higgs working group report

Table 1-22. Signal significance for pp ! HH ! bb�� and percentage uncertainty on the Higgs self-
coupling at future hadron colliders, from [102].

HL-LHC HE-LHC VLHCp
s (TeV) 14 33 100

R Ldt (fb�1) 3000 3000 3000

� · BR(pp ! HH ! bb��) (fb) 0.089 0.545 3.73

S/
p
B 2.3 6.2 15.0

� (stat) 50% 20% 8%

Note that this extraction of the Higgs self-coupling assumes that the e↵ective ggH coupling and the Higgs
branching ratios to the final states used in the analysis are equal to their SM values.

1.3.5 Higher-energy hadron colliders

The cross section for gg ! HH increases with increasing hadron collider energy due to the increase in the
gluon partonic luminosity. Even though backgrounds increase with energy at a similar rate, a higher-energy
pp collider such as the HE-LHC (33 TeV) or VLHC (100 TeV) would improve this measurement.

Results of a fast-simulation study of double Higgs production in the bb�� final state for pp collisions at 14,
33, and 100 TeV [102] are shown in Table 1-22 (14 TeV results are consistent with the European strategy
study). bb�� is the most important channel at 14 TeV because of large top-pair backgrounds to the bb⌧⌧ and
bbWW channels. The simulation used Delphes with ATLAS responses [103] and assumes one detector. The
resulting uncertainty on ��/� is extracted using the scaling of the double-Higgs cross section with � [90].

1.3.6 Higgs boson self-coupling at e+e� Linear Colliders

At an e+e� linear collider, the Higgs trilinear self-coupling can be measured via the e+e� ! ZHH and
e+e� ! ⌫e⌫̄eHH processes. The cross section for the former peaks at approximately 0.18 fb close top
s = 500 GeV; however, for this channel there are many diagrams leading to the Zhh final state that

don’t involve the Higgs boson self-coupling resulting in a dilution of ��/� ' 1.8 ⇥ (��ZHH/�ZHH). This
situation improves for the W -fusion process ⌫e⌫̄eHH where ��/� ' 0.85 ⇥ (��⌫⌫̄HH/�⌫⌫̄HH) at 1 TeV,
but requires

p
s � 1.0 TeV for useful rates. Polarized beams can significantly increase the signal event rate,

particularly for the W -fusion process. None of the proposed e+e� circular machines provide high enough
collision energies for su�cient rates.

The most recent full simulation study [6,104] of these two production processes including all Z decay modes
as well as HH ! bbbb and HH ! bbWW ⇤ final states has been carried out using the ILD detector at
the ILC where event weighting depending on MHH is used to enhance the contribution of the self-coupling
diagram and improve on the dilutions above. Results are given in in Table 1-23.

The cross section for ⌫e⌫̄eHH continues to grow with
p
s, and full simulation studies [3] for CLIC show

increased sensitivity at higher collision energies of
p
s = 1.4 TeV and

p
s = 3.0 TeV as shown in Table 1-23.

Community Planning Study: Snowmass 2013
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ATL-PHYS-PUB-2014-019

Expected yields (3000 fb−1) Total Barrel End-cap

Samples

H(bb̄)H(γγ)(λ/λS M = 1) 8.4±0.1 6.7±0.1 1.8±0.1

H(bb̄)H(γγ)(λ/λS M = 0) 13.7±0.2 10.7±0.2 3.1±0.1

H(bb̄)H(γγ)(λ/λS M = 2) 4.6±0.1 3.7±0.1 0.9±0.1

H(bb̄)H(γγ)(λ/λS M = 10) 36.2±0.8 27.9±0.7 8.2±0.4

bb̄γγ 9.7±1.5 5.2±1.1 4.5±1.0

cc̄γγ 7.0±1.2 4.1±0.9 2.9±0.8

bb̄γ j 8.4±0.4 4.3±0.2 4.1±0.2

bb̄ j j 1.3±0.2 0.9±0.1 0.4±0.1

j jγγ 7.4±1.8 5.2±1.5 2.2±1.0

tt̄(≥ 1 lepton) 0.2±0.1 0.1±0.1 0.1±0.1

tt̄γ 3.2±2.2 1.6±1.6 1.6±1.6

tt̄H(γγ) 6.1±0.5 4.9±0.4 1.2±0.2

Z(bb̄)H(γγ) 2.7±0.1 1.9±0.1 0.8±0.1

bb̄H(γγ) 1.2±0.1 1.0±0.1 0.3±0.1

Total Background 47.1±3.5 29.1±2.7 18.0±2.3

S/
√

B(λ/λS M = 1) 1.2 1.2 0.4

Table 4: Expected yields in 3000 fb−1 for all events, events with both photons in the barrel calorimeter

region (“barrel”) and events with at least one photon in the endcap calorimeter region (“end-cap”).

The quoted errors are from MC statistics only. The final two rows show the total background and the

resulting signal significance, S/
√

B, in 3000 fb−1 ; combining the “barrel” and “endcap” categories in

quadrature the final significance reaches ∼ 1.3σ.

11

combining “barrel” and  
“endcap” categories    
significance reaches ~ 1.3σ

SM



Barbara Mele

    CMS at HL-LHC : HH ➜	
 bbWW      

21Roma Tre,  10  December  2014

HH;>bbWW"results"

10/21/14" 9"

• Results"are"quoted"as"a"func,on"of"the"background"systema,c"
uncertainty"
• Data"driven"techniques"will"likely"constraint"the"uncertain,es"to"
the"percent"level""

Data driven technique should  
constrain this to percent level

SM
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in conclusion…

a lot of work still needed to assess  
the actual HL-LHC sensitivity  

to λ H3 coupling ! 
will likely benefit a lot from  

new exp strategies developed in Run 2  

and knowledge of actual HL detector upgrades  

!

(3σ significance (SM) / 3ab-1 doable ?)



5.6 Higgs Self Coupling Measurement

Figure 5.6
Relevant diagrams
containing the triple
Higgs coupling for
the two processes:
e+e≠ æ Zhh (left)
and e+e≠ æ ‹e‹ehh.
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Figure 5.7
Cross sections for
the two processes
e+e≠ æ Zhh (left)
and e+e≠ æ ‹e‹ehh
as a function of

Ô
s for

mh = 120 GeV.
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background from e+e≠ æ tt̄. Fast simulations at
Ô

s = 800 GeV showed that we would be able
to determine the top Yukawa coupling to 6% for mh = 120 GeV, given an integrated luminosity of
1 ab≠1 and residual background uncertainty of 5% [263, 264]. As described in the Detector Volume of
the ILC TDR [5] full simulations just recently completed by SiD and ILD show that the top Yukawa
coupling can indeed be measured to a statistical precision of 3.1% for mh = 125 GeV with 1 ab≠1.

With luminosities of 1600 fb≠1 at 500 GeV and 2500 fb≠1 at 1000 GeV, the statistical precision
can be improved to 2.0%.

5.6 Higgs Self Coupling Measurement

The triple Higgs boson coupling can be studied at the ILC through the processes e+e≠ æ Zhh and
e+e≠ æ ‹e‹ehh. The relevant Feynman diagrams are shown in Fig. 5.6 [72]. The cross sections for
the two processes are plotted as a function of

Ô
s for mh = 120 GeV in Fig. 5.7. The cross section

reaches its maximum of about 0.18 fb at around
Ô

s = 500 GeV, which is dominated by the former
process.

A full simulation study of the process e+e≠ æ Zhh followed by h æ bb̄ at
Ô

s = 500 GeV has
recently been carried out using the ILD detector [265]. From the combined result of the three channels
corresponding to di�erent Z decay modes, Z æ l+l≠, ‹‹̄, and qq̄, it was found that the process can be
detected with an excess significance of 4.5-‡ and the cross section can be measured to �‡/‡ = 0.30
for an integrated luminosity of 1.6 ab≠1 with beam polarization (Pe≠ , Pe+) = (≠0, 8, +0.3). Unlike
the e+e≠ æ tt̄h case, however, the contribution from the background diagrams without the self-
coupling is significant and the relative error on the self-coupling ⁄ is �⁄/⁄ = 0.49 with a proper
event weighting to enhance the contribution from the self-coupling diagram. When extrapolated to
mh = 125 GeV, taking into account a 20% relative improvement expected from a recent preliminary
full simulation result including hh æ bb̄WW ú mode, the precision would be improved to 46%.

At
Ô

s = 1000 GeV, the e+e≠ æ ‹‹̄hh process will become significant [266]. The cross
section for this process is only about 0.07 fb≠1, but the sensitivity to the self-coupling is potentially
higher since the contribution from the background diagrams is smaller, leading to the relation
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Figure 1.4. (Left)The production cross sections of the Higgs boson with the mass of 125 GeV at the ILC as a
function of the collision energy

Ô
s. Polarization of the electron beam (80%) and the positron beam (20%) is as-

sumed. (Right) The cross sections of the production processes e+e≠ æ hZ, e+e≠ æ H‹e‹̄e, e+e≠ æ He+e≠,
e+e≠ æ t¯tH, e+e≠ æ HHZ and e+e≠ æ HH‹e‹̄e as a function of the collision energy for the mass of 125 GeV.
No polarization is assumed for the initial electron and positron beams.
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Figure 1.5. Typical diagrams for double Higgs boson production via o�-shell Higgsstrahlung (Left) and W -boson
fusion (Right) processes.

Higgsstrahlung cross-section falls o� as 1/s. Consequently, the W -boson fusion mechanism is more
significant at higher energies, and its production cross section grows logarithmically and becomes
larger than that of the Higgsstrahlung cross section for

Ô
s > 450 GeV. At

Ô
s = 500 GeV, both

the Higgsstrahlung process and the W-boson fusion process are important, and at
Ô

s = 1 TeV the
W-boson fusion is dominant. The cross section of e+e≠ æ tt̄h is shown in Fig. 1.4 (Right) . The
threshold of the production process is roughly 480 GeV, so that the tt̄h cross section can be measured
at the ILC with the energy of 1 TeV.

Finally, the triple Higgs boson coupling can be determined from measuring the double Higgs
production mechanisms e+e≠ æ Zhh and e+e≠ æ ‹‹̄hh by extracting the contribution of the
Feynman diagram shown in Fig. 1.5. The production cross section for the Zhh process is typically of
the order of 0.1 fb at the collision energy just above the threshold at about 400 GeV as shown in
Fig. 1.4(Right). At the ILC with a center-of-mass energy of 500 GeV, the triple Higgs boson coupling
can be measured via this process. On the other hand, at higher energies the cross section of the
fusion process e+e≠ æ ‹‹̄hh becomes larger. This process becomes relevant for the measurement of
the triple Higgs boson coupling at the energies around 1 TeV.
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Higgsstrahlung cross-section falls o� as 1/s. Consequently, the W -boson fusion mechanism is more
significant at higher energies, and its production cross section grows logarithmically and becomes
larger than that of the Higgsstrahlung cross section for

Ô
s > 450 GeV. At
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s = 500 GeV, both

the Higgsstrahlung process and the W-boson fusion process are important, and at
Ô

s = 1 TeV the
W-boson fusion is dominant. The cross section of e+e≠ æ tt̄h is shown in Fig. 1.4 (Right) . The
threshold of the production process is roughly 480 GeV, so that the tt̄h cross section can be measured
at the ILC with the energy of 1 TeV.

Finally, the triple Higgs boson coupling can be determined from measuring the double Higgs
production mechanisms e+e≠ æ Zhh and e+e≠ æ ‹‹̄hh by extracting the contribution of the
Feynman diagram shown in Fig. 1.5. The production cross section for the Zhh process is typically of
the order of 0.1 fb at the collision energy just above the threshold at about 400 GeV as shown in
Fig. 1.4(Right). At the ILC with a center-of-mass energy of 500 GeV, the triple Higgs boson coupling
can be measured via this process. On the other hand, at higher energies the cross section of the
fusion process e+e≠ æ ‹‹̄hh becomes larger. This process becomes relevant for the measurement of
the triple Higgs boson coupling at the energies around 1 TeV.
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Figure 1.4. (Left)The production cross sections of the Higgs boson with the mass of 125 GeV at the ILC as a
function of the collision energy

Ô
s. Polarization of the electron beam (80%) and the positron beam (20%) is as-

sumed. (Right) The cross sections of the production processes e+e≠ æ hZ, e+e≠ æ H‹e‹̄e, e+e≠ æ He+e≠,
e+e≠ æ t¯tH, e+e≠ æ HHZ and e+e≠ æ HH‹e‹̄e as a function of the collision energy for the mass of 125 GeV.
No polarization is assumed for the initial electron and positron beams.
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Figure 1.5. Typical diagrams for double Higgs boson production via o�-shell Higgsstrahlung (Left) and W -boson
fusion (Right) processes.

Higgsstrahlung cross-section falls o� as 1/s. Consequently, the W -boson fusion mechanism is more
significant at higher energies, and its production cross section grows logarithmically and becomes
larger than that of the Higgsstrahlung cross section for

Ô
s > 450 GeV. At

Ô
s = 500 GeV, both

the Higgsstrahlung process and the W-boson fusion process are important, and at
Ô

s = 1 TeV the
W-boson fusion is dominant. The cross section of e+e≠ æ tt̄h is shown in Fig. 1.4 (Right) . The
threshold of the production process is roughly 480 GeV, so that the tt̄h cross section can be measured
at the ILC with the energy of 1 TeV.

Finally, the triple Higgs boson coupling can be determined from measuring the double Higgs
production mechanisms e+e≠ æ Zhh and e+e≠ æ ‹‹̄hh by extracting the contribution of the
Feynman diagram shown in Fig. 1.5. The production cross section for the Zhh process is typically of
the order of 0.1 fb at the collision energy just above the threshold at about 400 GeV as shown in
Fig. 1.4(Right). At the ILC with a center-of-mass energy of 500 GeV, the triple Higgs boson coupling
can be measured via this process. On the other hand, at higher energies the cross section of the
fusion process e+e≠ æ ‹‹̄hh becomes larger. This process becomes relevant for the measurement of
the triple Higgs boson coupling at the energies around 1 TeV.
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larger than that of the Higgsstrahlung cross section for
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the Higgsstrahlung process and the W-boson fusion process are important, and at
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s = 1 TeV the
W-boson fusion is dominant. The cross section of e+e≠ æ tt̄h is shown in Fig. 1.4 (Right) . The
threshold of the production process is roughly 480 GeV, so that the tt̄h cross section can be measured
at the ILC with the energy of 1 TeV.

Finally, the triple Higgs boson coupling can be determined from measuring the double Higgs
production mechanisms e+e≠ æ Zhh and e+e≠ æ ‹‹̄hh by extracting the contribution of the
Feynman diagram shown in Fig. 1.5. The production cross section for the Zhh process is typically of
the order of 0.1 fb at the collision energy just above the threshold at about 400 GeV as shown in
Fig. 1.4(Right). At the ILC with a center-of-mass energy of 500 GeV, the triple Higgs boson coupling
can be measured via this process. On the other hand, at higher energies the cross section of the
fusion process e+e≠ æ ‹‹̄hh becomes larger. This process becomes relevant for the measurement of
the triple Higgs boson coupling at the energies around 1 TeV.
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Table 1-22. Signal significance for pp ! HH ! bb�� and percentage uncertainty on the Higgs self-
coupling at future hadron colliders, from [102].

HL-LHC HE-LHC VLHCp
s (TeV) 14 33 100

R Ldt (fb�1) 3000 3000 3000

� · BR(pp ! HH ! bb��) (fb) 0.089 0.545 3.73

S/
p
B 2.3 6.2 15.0

� (stat) 50% 20% 8%

Note that this extraction of the Higgs self-coupling assumes that the e↵ective ggH coupling and the Higgs
branching ratios to the final states used in the analysis are equal to their SM values.

1.3.5 Higher-energy hadron colliders

The cross section for gg ! HH increases with increasing hadron collider energy due to the increase in the
gluon partonic luminosity. Even though backgrounds increase with energy at a similar rate, a higher-energy
pp collider such as the HE-LHC (33 TeV) or VLHC (100 TeV) would improve this measurement.

Results of a fast-simulation study of double Higgs production in the bb�� final state for pp collisions at 14,
33, and 100 TeV [102] are shown in Table 1-22 (14 TeV results are consistent with the European strategy
study). bb�� is the most important channel at 14 TeV because of large top-pair backgrounds to the bb⌧⌧ and
bbWW channels. The simulation used Delphes with ATLAS responses [103] and assumes one detector. The
resulting uncertainty on ��/� is extracted using the scaling of the double-Higgs cross section with � [90].

1.3.6 Higgs boson self-coupling at e+e� Linear Colliders

At an e+e� linear collider, the Higgs trilinear self-coupling can be measured via the e+e� ! ZHH and
e+e� ! ⌫e⌫̄eHH processes. The cross section for the former peaks at approximately 0.18 fb close top
s = 500 GeV; however, for this channel there are many diagrams leading to the Zhh final state that

don’t involve the Higgs boson self-coupling resulting in a dilution of ��/� ' 1.8 ⇥ (��ZHH/�ZHH). This
situation improves for the W -fusion process ⌫e⌫̄eHH where ��/� ' 0.85 ⇥ (��⌫⌫̄HH/�⌫⌫̄HH) at 1 TeV,
but requires

p
s � 1.0 TeV for useful rates. Polarized beams can significantly increase the signal event rate,

particularly for the W -fusion process. None of the proposed e+e� circular machines provide high enough
collision energies for su�cient rates.

The most recent full simulation study [6,104] of these two production processes including all Z decay modes
as well as HH ! bbbb and HH ! bbWW ⇤ final states has been carried out using the ILD detector at
the ILC where event weighting depending on MHH is used to enhance the contribution of the self-coupling
diagram and improve on the dilutions above. Results are given in in Table 1-23.

The cross section for ⌫e⌫̄eHH continues to grow with
p
s, and full simulation studies [3] for CLIC show

increased sensitivity at higher collision energies of
p
s = 1.4 TeV and

p
s = 3.0 TeV as shown in Table 1-23.
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Table 1-23. Estimated experimental percentage uncertainties on the double Higgs production cross
sections and Higgs self-coupling parameter � from e+e� linear colliders. The expected precision on �
assumes that the contributions to the production cross section from other diagrams take their Standard
Model values. ILC numbers include bbbb and bbWW ⇤ final states and assume (e�, e+) polarizations of
(�0.8, 0.3) at 500 GeV and (�0.8, 0.2) at 1000 GeV. ILC500-up is the luminosity upgrade at 500 GeV, not
including any 1000 GeV running. ILC1000-up is the luminosity upgrade including running at both 500
and 1000 GeV. CLIC numbers include only the bbbb final state. The two numbers for each CLIC energy
are without/with 80% electron beam polarization. ‡ILC luminosity upgrade assumes an extended running
period on top of the low luminosity program and cannot be directly compared to CLIC numbers without
accounting for the additional running period.

ILC500 ILC500-up ILC1000 ILC1000-up CLIC1400 CLIC3000
p
s (GeV) 500 500 500/1000 500/1000 1400 3000R

Ldt (fb�1) 500 1600‡ 500+1000 1600+2500‡ 1500 +2000

P (e�, e+) (�0.8, 0.3) (�0.8, 0.3) (�0.8, 0.3/0.2) (�0.8, 0.3/0.2) (0, 0)/(�0.8, 0) (0, 0)/(�0.8, 0)

� (ZHH) 42.7% 42.7% 23.7% – –

� (⌫⌫̄HH) – – 26.3% 16.7%

� 83% 46% 21% 13% 28/21% 16/10%

1.3.7 Photon collider

Higgs pairs can be produced at a photon collider via o↵-shell s-channel Higgs production, �� ! H⇤ ! HH.
The process was studied in Ref. [105] for an ILC-based photon collider running for 5 years, leading to 80
raw �� ! HH events. Jet clustering presents a major challenge for signal survival leading to a sensitivity
of only about 1�.

1.3.8 Muon collider

Double Higgs production at a muon collider can proceed via s-channel o↵-shell Higgs production, µ+µ� !
H⇤ ! HH. However, the cross section for this non-resonant process is very small, of order 1.5 ab at the
optimum energy of ⇠ 275 GeV, providing less than one signal event in 500 fb�1 before branching ratios and
selection e�ciencies are folded in.

1.3.9 Summary

Expected precisions on the triple Higgs coupling measurement, assuming that all other Higgs couplings are
SM-like and that no other new physics contributes to double-Higgs production, are summarized in Table 1-24.

These same numbers are used to estimate precisions possible from a combination of facilities as shown in
Table 1-25. As can be seen, the precision is usually dominated by the precision achieved by one of the collider
options in the combination.

Community Planning Study: Snowmass 2013

needs full luminosity program !

based on bbbb and  WWbb simulation at ILC  
and bbbb at CLIC   

(to be improved - ongoing simulations)

ILC TDR + Snowmass projections
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Outlook
 Higgs self-coupling measurement crucial to characterize Higgs 

 tiny rates for HH prod. ➜ very hard EXP (and TH) problem ! 

 “training” in Run 1 for searches of BSM-resonance signatures  

 HL-LHC lumi needed to approach SM signal sensitivity  

(HH excellent benchmark for trigger/detector HL-LHC studies !) 

 sensitivity to individual channels low ➜ need combination of many 

 simulations in different HH decay channels ongoing in ATLAS  
and CMS to assess the actual potential of HL-LHC 

 e+e- excellent potential,  needs large cm energies (≥500 GeV) 
and high luminosities 
 mandatory to extend studies to FCC-hh …
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