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Motivation

HH Þnal states directly linked to fundamental questions

Measurement of Higgs potential

¥ We found remnant of symmetry breaking but need to know mechanism

¥Shape of potential (stable, meta-stable)

[Buttazzo et al. JHEP 2013] 

For consistency after measuring mt and mh 
need to measure HH and tth Þnal states
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Motivation

Constrain/discover new physics

¥ If new physics heavy can parametrise effect using EFT
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¥ c6 can only be constrained in HH production

¥ Non-resonant loop-induced HH production affected

[Goertz, et al (2014)]

[Contino, et al (2012)]
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Motivation

Matter-/Anti-matter asymmetry

¥First-order phase transition for Baryogenesis

¥Need additional scalars -> resonant HH production !

Generic also in Higgs-portal models, multi-HDM models, É

Not more promising at FCC-ee or ILC

¥How about FCC-hh? 
Ongoing studiesÉ

[Curtin, Meade, Yu (2014) ] 

[Morrissey, Ramsey-Musolf (2012)]

[Tian, Fujii 1311.6528]

[Blinov, et al. (2015)]

¥WBF most sensitive channel 

for large energies > 500 GeV

¥Unless 1 TeV ILC 

precision low

¥Decay via H->bb



Higgs self-coupling measurements in the Standard Model

!L "
1
2

m2
hh2 +

!
!
2

mhh3 +
!
4

h4

! gmV V 2h !
mf

v
øf fh

!
" s

12#
Ga

µ⌫Ga µ⌫ log(1 + h/v )

= ! SM
= g2 m

2
h/m

2
W

Potential needs at least 
dihiggs production!

5



Higgs self-coupling measurements in the Standard Model

!L "
1
2

m2
hh2 +

!
!
2

mhh3 +
!
4

h4

! gmV V 2h !
mf

v
øf fh

!
" s

12#
Ga

µ⌫Ga µ⌫ log(1 + h/v )

= ! SM
= g2 m

2
h/m

2
W

= !
↵s

12⇡v
Ga

µ! Ga µ! h +
↵s

24⇡v2 Ga
µ! Ga µ! h2 + . . .

Potential needs at least 
dihiggs production!

5



Higgs self-coupling measurements in the Standard Model

!L "
1
2

m2
hh2 +

!
!
2

mhh3 +
!
4

h4

! gmV V 2h !
mf

v
øf fh

!
" s

12#
Ga

µ⌫Ga µ⌫ log(1 + h/v )

= ! SM
= g2 m

2
h/m

2
W

= !
↵s

12⇡v
Ga

µ! Ga µ! h +
↵s

24⇡v2 Ga
µ! Ga µ! h2 + . . .

Potential needs at least 
dihiggs production!

5



Higgs self-coupling measurements in the Standard Model

!L "
1
2

m2
hh2 +

!
!
2

mhh3 +
!
4

h4

! gmV V 2h !
mf

v
øf fh

!
" s

12#
Ga

µ⌫Ga µ⌫ log(1 + h/v )

= ! SM
= g2 m

2
h/m

2
W

= !
↵s

12⇡v
Ga

µ! Ga µ! h +
↵s

24⇡v2 Ga
µ! Ga µ! h2 + . . .

Potential needs at least 
dihiggs production!

5



Higgs self-coupling measurements in the Standard Model

!L "
1
2

m2
hh2 +

!
!
2

mhh3 +
!
4

h4

! gmV V 2h !
mf

v
øf fh

!
" s

12#
Ga

µ⌫Ga µ⌫ log(1 + h/v )

= ! SM
= g2 m

2
h/m

2
W

= !
↵s

12⇡v
Ga

µ! Ga µ! h +
↵s

24⇡v2 Ga
µ! Ga µ! h2 + . . .

�

Potential needs at least 
dihiggs production!

5



Recent progress in HH cross section calculations

HH

HHj

HHjj

NLO eff. mt

NLO with 1/mt exp [Grigo, Hoff, Melnikov, Steinhauser 1311.7425]

[Dawson, Dittmaier, Spira PRD 58 1998]
implemented in HPair http://people.web.psi.ch/spira/hpair/

[Dolan, Englert, MS JHEP 1210, 1206.5001]
[Li, Yan, Zhao 1312.3830]

[Dolan, Englert, Greiner, MS 1310.1084]

[Maierhoefer, Papaefstathiou 1401.0007]

LO full mt,mb

LO full mt,mb

[Plehn, Spira, Zerwas Nucl. Phys. B479, hep-ph 9603205] LO full mt

NNLO eff. mt [De Florian, Mazzitelli PRL 111, 1309.6594]

many othersÉ

(reweighted)

6

Full NLO GoSam team - prop. this summer
see talk by G. Heinrich, HH Workshop MIAPP

[Grigo, Melnikov, Steinhauser ]

[Glover, van der Bij Õ88]

http://people.web.psi.ch/spira/hpair/


Higgs selfcoupling in HH+X
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FIG. 2. Higgs pair invariant mass distribution at LO (dotted
blue), NLO (dashed red) and NNLO (solid black) for the LHC
at c.m. energy Ecm = 14 TeV. The bands are obtained by
varying µF and µR in the range 0.5 Q ≤ µF , µR ≤ 2Q with
the constraint 0 .5 ≤ µF /µ R ≤ 2.

Again, we already included the counter terms in the
deÞnition of ö! (c+)

qg and ö! (c−)
gq . Finally, for the quark-

antiquark subprocess we have

ö! b
qøq =

!
dcos"1 d"2 dy

"
x(x ! 4M 2

H /s )
512#4 f qøq(x, y, " 1, " 2) .

(17)
The expressions forf qg, f gq and f qøq can be found in the
appendix.

Summarizing, Eqs. (3), (14), (16) and (17) contain
all the contributions to the partonic cross section up to
NNLO accuracy. We Þnd agreement with Ref. [16] with
respect to the NLO results. 

III. PHENOMENOLOGY

We present, here, the phenomenological results for the
LHC. In all cases we use the MSTW2008 [30] sets of
parton distributions and QCD coupling at each corre-
sponding order. The bands are obtained by varying in-
dependently the factorization and renormalization scales
in the range 0.5Q " µF , µR " 2Q, with the constraint
0.5 " µF /µ R " 2. We recall that we always normalize
our results with the exact top- and bottom-mass depen-
dence at LO. We useM H = 126 GeV, M t = 173.18 GeV
and M b = 4 .75 GeV.

Given that at one-loop order the corrections to the ef-
fective vertex ggHH are the same than those ofggH, we
will assume for the phenomenological results thatC(2)

HH =

C(2)
H . We analyzed the impact of this still unknown co-

efficient varying its value in the range 0 " C(2)
HH " 2C(2)

H

† We notice that the exact LO is taken into account in a slightly
di! erent way in Ref. [16]. The numerical e! ect is anyway small.
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FIG. 3. Total cross section as a function of the c.m. energy
Ecm for the LO (dotted blue), NLO (dashed red) and NNLO
(solid black) prediction. The bands are obtained by varying
µF and µR as indicated in the main text. The inset plot shows
the corresponding K factors.

and found a variation in the total cross section of less
than 2.5%.

In Figure 2 we show the hadronic cross section for the
LHC as a function of the Higgs pair invariant mass, for
a c.m. energyEcm =

#
sH = 14 TeV, at LO, NLO and

NNLO accuracy. We can observe that it is only at this
order that the Þrst sign of convergence of the pertur-
bative series appears, Þnding a nonzero overlap between
the NLO and NNLO bands. Second order corrections are
sizeable, this is noticeable already at the level of the total
inclusive cross sections

! LO = 17.8+5 .3
−3.8 fb

! NLO = 33.2+5 .9
−4.9 fb (18)

! NNLO = 40.2+3 .2
−3.5 fb

where the uncertainty arises from the scale variation.
The increase with respect to the NLO result is then of
O(20%), and the K factor with respect to the LO pre-
diction is about K NNLO = 2 .3. The scale dependence is
clearly reduced at this order, resulting in a variation of
about ± 8% around the central value, compared to a total
variation of O(± 20%) at NLO.

In Figure 3 we present the total cross section as a func-
tion of the c.m. energyEcm , in the range from 8 TeV to
100 TeV. We can observe that the size of the perturba-
tive corrections is smaller as the c.m. energy increases.
Again, in the whole range of energies the scale depen-
dence is substantially reduced when we consider the sec-
ond order corrections.

In Table I we show the value of the NNLO cross sec-
tion for Ecm = 8, 14, 33 and 100 TeV. We consid-
ered three different sources of theoretical uncertainties:
missing higher orders in the QCD perturbative expan-
sion, which are estimated by the scale variation as indi-
cated before, and uncertainties in the determination of
the parton distributions and strong coupling. To esti-
mate the parton ßux and coupling constant uncertain-
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FIG. 2. Higgs pair invariant mass distribution at LO (dotted
blue), NLO (dashed red) and NNLO (solid black) for the LHC
at c.m. energy Ecm = 14TeV. The bands are obtained by
varying µF and µR in the range 0.5Q ≤ µF , µR ≤ 2Q with
the constraint 0.5 ≤ µF /µ R ≤ 2.

Again, we already included the counter terms in the
deÞnition of ö! (c+)

qg and ö! (c−)
gq . Finally, for the quark-

antiquark subprocess we have

ö! b
qøq =

∫

dcos"1 d"2 dy

√

x(x ! 4M 2
H /s )

512#4 f qøq(x, y, " 1, " 2) .

(17)
The expressions forf qg, f gq and f qøq can be found in the
appendix.

Summarizing, Eqs. (3), (14), (16) and (17) contain
all the contributions to the partonic cross section up to
NNLO accuracy. We Þnd agreement with Ref. [16] with
respect to the NLO results.†

III. PHENOMENOLOGY

We present, here, the phenomenological results for the
LHC. In all cases we use the MSTW2008 [30] sets of
parton distributions and QCD coupling at each corre-
sponding order. The bands are obtained by varying in-
dependently the factorization and renormalization scales
in the range 0.5Q " µF , µR " 2Q, with the constraint
0.5 " µF /µ R " 2. We recall that we always normalize
our results with the exact top- and bottom-mass depen-
dence at LO. We useMH = 126 GeV, M t = 173.18 GeV
and M b = 4 .75 GeV.

Given that at one-loop order the corrections to the ef-
fective vertex ggHH are the same than those ofggH, we
will assume for the phenomenological results thatC(2)
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H . We analyzed the impact of this still unknown co-
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and found a variation in the total cross section of less
than 2.5%.

In Figure 2 we show the hadronic cross section for the
LHC as a function of the Higgs pair invariant mass, for
a c.m. energyEcm =

#
sH = 14 TeV, at LO, NLO and

NNLO accuracy. We can observe that it is only at this
order that the Þrst sign of convergence of the pertur-
bative series appears, Þnding a nonzero overlap between
the NLO and NNLO bands. Second order corrections are
sizeable, this is noticeable already at the level of the total
inclusive cross sections

! LO = 17.8+5 .3
−3.8 fb

! NLO = 33.2+5 .9
−4.9 fb (18)

! NNLO = 40.2+3 .2
−3.5 fb

where the uncertainty arises from the scale variation.
The increase with respect to the NLO result is then of
O(20%), and the K factor with respect to the LO pre-
diction is about K NNLO = 2 .3. The scale dependence is
clearly reduced at this order, resulting in a variation of
about ± 8% around the central value, compared to a total
variation of O(± 20%) at NLO.

In Figure 3 we present the total cross section as a func-
tion of the c.m. energyEcm, in the range from 8 TeV to
100 TeV. We can observe that the size of the perturba-
tive corrections is smaller as the c.m. energy increases.
Again, in the whole range of energies the scale depen-
dence is substantially reduced when we consider the sec-
ond order corrections.

In Table I we show the value of the NNLO cross sec-
tion for Ecm = 8, 14, 33 and 100 TeV. We consid-
ered three different sources of theoretical uncertainties:
missing higher orders in the QCD perturbative expan-
sion, which are estimated by the scale variation as indi-
cated before, and uncertainties in the determination of
the parton distributions and strong coupling. To esti-
mate the parton ßux and coupling constant uncertain-
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Ecm 8 TeV 14 TeV 33 TeV 100 TeV

! NNLO 9.76 fb 40.2 fb 243 fb 1638 fb
Scale [%] +9 .0 − 9.8 +8 .0 − 8.7 +7 .0 − 7.4 +5 .9 − 5.8

PDF [%] +6 .0 − 6.1 +4 .0 − 4.0 +2 .5 − 2.6 +2 .3 − 2.6

PDF+ " S [%] +9 .3 − 8.8 +7 .2 − 7.1 +6 .0 − 6.0 +5 .8 − 6.0

TABLE I. Total cross section as a function of the c.m. en-
ergy at NNLO accuracy. We use the exact LO prediction
to normalize our results. The di ! erent sources of theoretical
uncertainties are discussed in the main text.

ties we used the MSTW2008 90% C.L. error PDF sets
[31], which are known to provide very close results to the
PDF4LHC working group recommendation for the enve-
lope prescription [32]. We observe that nonperturbative
and perturbative uncertainties are of the same order.

The ratio between NNLO and NLO predictions as a
function of the c.m. energy is quite ßat. In order to ease
the use of our NNLO results, we provide the following
approximated analytic expression for theK factor, valid
in the range 8 TeV ! Ecm ! 100 TeV:

! NNLO

! NLO
= 1 .149" 0.326

!
Ecm

1 TeV

" ! 1

+0 .327
!

Ecm

1 TeV

" ! 1/ 2

,

(19)
which runs from 1.22 at 8 TeV to 1.18 at 100 TeV. On
the other hand, the ratio between NNLO and LO runs

from 2.39 to 1.74 in the same range of energies, and can
be parametrized by the following expression

! NNLO

! LO
= 1 .242" 7.17

!
Ecm

1 TeV

" ! 1

+5 .77
!

Ecm

1 TeV

" ! 1/ 2

.

(20)
Finally, the total scale variation at NNLO is approxi-
mately given by ± p(Ecm )%, with

p(Ecm ) = 4 .07" 9.8
!

Ecm

1 TeV

" ! 1

+ 18.6
!

Ecm

1 TeV

" ! 1/ 2

.

(21)
In this case, we have± 9.4% and± 5.8% at 8 and 100 TeV
respectively.

It is worth noticing that the soft-virtual approxima-
tion presented in [17] gives an extremely accurate pre-
diction for the NNLO cross section, overestimating for
example the Ecm = 14 TeV result by less than 2%. As
expected, this approximation works even better than for
single Higgs production, due to the larger invariant mass
of the Þnal state.
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¥ Very large k-factors

¥ NNLO in effective ggH

[De Florian, Mazzitelli PRL 111, 1309.6594]
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Kinematics for gg -> HH
2->2 scattering process completely determined by 2 variables, !

e.g. S and T, E and scattering angle

variables more close to reconstructed objects: 

[Baur et al. PRL 89 (2002)]

m
HH

and pT,H

[Dolan et al PRD 87 (2013)]

¥ All SM and BSM effects covered by double-differential 
measurement of two variables

¥ Whether possible depends on signal rate and sensitivity in 
phase space (backgrounds)
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FIG. 2: Comparison of the (normalized) pT ,h distributions in pp ! hh + X for di! erent multiples of the trilinear Higgs
coupling ! (mt = 172.5 GeV and mb = 4.5 GeV using CTEQ6l1 parton densities).
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FIG. 3: Comparison of pp ! hh + X . We choose mt =
175 GeV as in Ref. [14], from which we also obtain the
dashed blue reference line, and mb = 4.5 GeV and we use
the CTEQ6l1 parton distributions.

Note that choosing a value di! erent from ! SM does not
yield a meaningful potential in terms of Eq. (1), but al-
lows to constrain ! in hypothesis tests using, e.g., the
CLs method [23].

We also show the result of Ref. [14] for comparison
and Þnd excellent agreement in total, keeping in mind
that the results of Ref. [14] wereobtained using the GRV
parametrizations of parton luminosities [24], which are
di! erent from the CTEQ6l1 [25] set that we employ for
the remainder of this paperà. Interference between the
di! erent contributions depicted in Fig. 3 becomesobvious
for the di! erently chosenHiggs self-couplings.

We also learn from Fig. 3 that the dihiggs crosssec-
tion hasa fairly large dependenceon the particular value
of the trilinear coupling for a mh = 125 GeV Higgs bo-

àUsing the integration-mo de of FormCalc/ LoopTools with the
CTEQ6l1 set we obtain perfect agreement.

son. The qualitativ e Higgs massdependencefor di! erent
values of the trilinear self-coupling in Fig. 3 is easy to
understand: The Higgs propagator in Fig. 1 (c) is always
probed o! -shell at fairly large invariant masses;this ren-
ders the triangle contributions subdominant compared
to the box contributions of Fig. 1 (b). For Higgs masses
closeto the massof the loop-dominating top quark, we
have s ! 4m2

t , which results in resonant contributions of
the three-point functions of Fig. 1 (c), well-known from
one-loop gg " h production [26]. This amelioratesthe s-
channelsuppressionof the trilinear coupling-sensitive tri-
anglegraphsand causesthe dependenceof the crosssec-
tion on the trilinear coupling to becomelarge at around
mh <# mt .

To gain sensitivity beyond total event counts, it is im-
portant to isolate the region of phasespacewhich is most
sensitive to modiÞcations of the trilinear coupling in or-
der to set up an analysis strategy which targets the tri-
linear self-coupling most e! ectively. At the parton level,
there is only a singlephenomenologicallyrelevant observ-
able to hh production, which can be chosenas the Higgs
transversemomentum pT ,h . In Fig. 2 we show the dif-
ferential pT ,h distribution for di! erent values of ! and
mh = 125 GeV. The dip structure for ! > ! SM results
againfrom phasespaceregionscharacterizedby s # 4m2

t ,
which are available if mh < mt , and the resulting maxi-
mally destructive interferencewith the box contributions.

The above points su" ce to give a qualitativ e assess-
ment of the prospects of measurements of ! in the pp "
hh + X channel:

¥ the Higgsbosonsfrom inclusivedihiggsproductions
are naturally boosted pT ,h

># 100 GeV,

¥ interference leads to an a priori ! -sensitive phe-
nomenologyfor mh ! 125 GeV,

¥ identical interferencee! ects also causethe bulk of
the sensitivity to ! to follow from conÞgurations
with pT ,h # 100GeV, while the pT ,h shape at large
valuesbecomessimilar for di! erent valuesof ! due
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cal conÞguration  , which is characterized by a large di-
higgsinvariant mass,but with a potentially smallerHiggs
s-channel suppressionthan encountered in the back-to-
back conÞguration of gg ! hh.

The goal of this paper is to provide a comparative
study of the prospectsof the measurement of the trilinear
Higgs coupling applying contemporary simulation and
analysis techniques. In the light of recent LHC measure-
ments, we focusour eventual analyseson mh = 125GeV.
However, we also put this particular massinto the con-
text of a complete discussionof the sensitivity towards
the trilinear Higgs coupling over the entire Higgs mass
range mh <" 1 TeV. As we will see,mh # 125 GeV is a
rather special case. Since Higgs self-coupling measure-
ments involve end-of-lifetime luminosities we base our
analyseson a center-of-massenergyof 14 TeV.

We begin with a discussionof some general aspects
of double Higgs production, before we review inclusive
searchesfor mh = 125GeV in the pp ! hh+ X channel in
Sec.I I C. We discussboosted Higgs Þnal states in pp !
hh+ X in Sec.I I D beforewediscusspp ! hh+ j + X with
the Higgsesrecoiling against a hard jet in Sec.I I I. Doing
so we investigate the potential sensitivity at the parton-
and signal-level to deÞnean analysis strategy before we
apply it to the fully showeredand hadronizedÞnal state.
We give our conclusionsin Sec.IV.

II. HIGGS PAIR PRODUCTION AT THE LHC

A. General Remarks

Inclusive Higgs pair production hasalready beenstud-
ied in Refs. [14Ð17] so we limit ourselves to the details
that are relevant for our analysis.

Higgs pairs are produced at hadron colliders such as
the LHC via a range of partonic subprocesses,the most
dominant of which are depicted in Fig. 1. An approxima-
tion which is often employed in phenomenologicalstudies
is the heavy top quark limit, which givesrise to e! ective

  The phenomenology of such conÞgurations can also be treated sep-
arately from radiativ e correction contributions to pp ! hh + X.

ggh and gghh interactions [20]

L e! =
1
4

↵s

3⇡
Ga

µ⌫Ga µ⌫ log(1 + h/v ) , (2)

which upon expansionleadsto

L $ +
1
4

↵s

3⇡v
Ga

µ⌫Ga µ⌫h %
1
4

↵s

6⇡v2 Ga
µ⌫Ga µ⌫h2 . (3)

Studying theseoperators in the hh + X Þnal state should
in principle allow the Higgs self-coupling to be con-
strained via the relative contribution of trilinear and
quartic interactions to the integrated crosssection. Note
that the operators in Eq. (3) have di! erent signs which
indicates important interference between the (nested)
three- and four point contributions to pp ! hh + X al-
ready at the e! ective theory level.

On the other hand, it is known that the e! ective theory
of Eq. (3) insu" ciently reproducesall kinematical prop-
erties of the full theory if the interactions are probed
at momentum transfers Q2 >" m2

t [11] and the massive
quark loops are resolved. Since our analysis partly re-
lies on boosted Þnal states, we needto take into account
the full one-loop contribution to dihiggs production to
realistically model the phenomenology.

B. Parton-level considerations

In order to properly take into account the full dynam-
ics of Higgs pair production in the SM we have imple-
mented the matrix element that follows from Fig. 1 in
the Vbfnlo framework [21] with the help of the Fey-
nAr ts / FormCalc / LoopTools packages [22], with
modiÞcations such to include a non-SM trilinear Higgs
couplingà. Our setup allows us to obtain event Þlesac-
cording to the Les Houches standard [23], which can be
straightforwardly interfaced to parton showers. Decay
correlations are trivially incorporated due to the spin-0
nature of the SM Higgs boson.

àThe signal Monte Carlo code underlying this study is planned to
become part of the next update of Vbfnlo and is available upon
request until then.

has maximum contribution for 

[Georgi et al. `78]

s = ( ph, 1 + ph, 2)2 = 4m2
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cal conÞguration  , which is characterized by a large di-
higgs invariant mass, but with a potentially smaller Higgs
s-channel suppression than encountered in the back-to-
back conÞguration ofgg ! hh.

The goal of this paper is to provide a comparative
study of the prospects of the measurement of the trilinear
Higgs coupling applying contemporary simulation and
analysis techniques. In the light of recent LHC measure-
ments, we focus our eventual analyses onmh = 125 GeV.
However, we also put this particular mass into the con-
text of a complete discussion of the sensitivity towards
the trilinear Higgs coupling over the entire Higgs mass
range mh <" 1 TeV. As we will see,mh # 125 GeV is a
rather special case. Since Higgs self-coupling measure-
ments involve end-of-lifetime luminosities we base our
analyses on a center-of-mass energy of 14 TeV.

We begin with a discussion of some general aspects
of double Higgs production, before we review inclusive
searches formh = 125 GeV in the pp ! hh + X channel
in Sec. II C. We discuss boosted Higgs Þnal states inpp !
hh+ X in Sec. II D before we discusspp ! hh+ j + X with
the Higgses recoiling against a hard jet in Sec. III. Doing
so we investigate the potential sensitivity at the parton-
and signal-level to deÞne an analysis strategy before we
apply it to the fully showered and hadronized Þnal state.
We give our conclusions in Sec. IV.

II. HIGGS PAIR PRODUCTION AT THE LHC

A. General Remarks

Inclusive Higgs pair production has already been stud-
ied in Refs. [14Ð17] so we limit ourselves to the details
that are relevant for our analysis.

Higgs pairs are produced at hadron colliders such as
the LHC via a range of partonic subprocesses, the most
dominant of which are depicted in Fig. 1. An approxima-
tion which is often employed in phenomenological studies
is the heavy top quark limit, which gives rise to e! ective

  The phenomenology of such conÞgurations can also be treated sep-
arately from radiative correction contributions to pp → hh + X.

ggh and gghh interactions [20]

L e! =
1
4

! s

3"
Ga

µ! Ga µ ! log(1 + h/v ) , (2)

which upon expansion leads to

L $ +
1
4

! s

3" v
Ga

µ! Ga µ ! h %
1
4

! s

6" v2
Ga

µ! Ga µ ! h2 . (3)

Studying these operators in thehh + X Þnal state should
in principle allow the Higgs self-coupling to be con-
strained via the relative contribution of trilinear and
quartic interactions to the integrated cross section. Note
that the operators in Eq. (3) have di! erent signs which
indicates important interference between the (nested)
three- and four point contributions to pp ! hh + X al-
ready at the e! ective theory level.

On the other hand, it is known that the e! ective theory
of Eq. (3) insu" ciently reproduces all kinematical prop-
erties of the full theory if the interactions are probed
at momentum transfers Q2 >" m2

t [11] and the massive
quark loops are resolved. Since our analysis partly re-
lies on boosted Þnal states, we need to take into account
the full one-loop contribution to dihiggs production to
realistically model the phenomenology.

B. Parton-level considerations

In order to properly take into account the full dynam-
ics of Higgs pair production in the SM we have imple-
mented the matrix element that follows from Fig. 1 in
the Vbfnlo framework [21] with the help of the Fey-
nArts / FormCalc / LoopTools packages [22], with
modiÞcations such to include a non-SM trilinear Higgs
couplingà. Our setup allows us to obtain event Þles ac-
cording to the Les Houches standard [23], which can be
straightforwardly interfaced to parton showers. Decay
correlations are trivially incorporated due to the spin-0
nature of the SM Higgs boson.

àThe signal Monte Carlo code underlying this study is planned to
become part of the next update of Vbfnlo and is available upon
request until then.
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cal conÞguration  , which is characterized by a large di-
higgs invariant mass, but with a potentially smaller Higgs
s-channel suppression than encountered in the back-to-
back conÞguration ofgg→ hh.

The goal of this paper is to provide a comparative
study of the prospects of the measurement of the trilinear
Higgs coupling applying contemporary simulation and
analysis techniques. In the light of recent LHC measure-
ments, we focus our eventual analyses onmh = 125 GeV.
However, we also put this particular mass into the con-
text of a complete discussion of the sensitivity towards
the trilinear Higgs coupling over the entire Higgs mass
range mh

<∼ 1 TeV. As we will see,mh ≃ 125 GeV is a
rather special case. Since Higgs self-coupling measure-
ments involve end-of-lifetime luminosities we base our
analyses on a center-of-mass energy of 14 TeV.

We begin with a discussion of some general aspects
of double Higgs production, before we review inclusive
searches formh = 125 GeV in the pp→ hh + X channel
in Sec. II C. We discuss boosted Higgs Þnal states inpp→
hh+ X in Sec. II D before we discusspp→ hh+ j + X with
the Higgses recoiling against a hard jet in Sec. III. Doing
so we investigate the potential sensitivity at the parton-
and signal-level to deÞne an analysis strategy before we
apply it to the fully showered and hadronized Þnal state.
We give our conclusions in Sec. IV.

II. HIGGS PAIR PRODUCTION AT THE LHC

A. General Remarks

Inclusive Higgs pair production has already been stud-
ied in Refs. [14Ð17] so we limit ourselves to the details
that are relevant for our analysis.

Higgs pairs are produced at hadron colliders such as
the LHC via a range of partonic subprocesses, the most
dominant of which are depicted in Fig. 1. An approxima-
tion which is often employed in phenomenological studies
is the heavy top quark limit, which gives rise to e! ective

  The phenomenology of such conÞgurations can also be treated sep-
arately from radiative correction contributions to pp ! hh + X .

ggh and gghh interactions [20]

L e! =
1
4

! s

3"
Ga

µ! Gaµ! log(1 + h/v ) , (2)

which upon expansion leads to

L ⊃ +
1
4

! s

3" v
Ga

µ! Gaµ! h −
1
4

! s

6" v2
Ga

µ! Gaµ! h2 . (3)

Studying these operators in thehh + X Þnal state should
in principle allow the Higgs self-coupling to be con-
strained via the relative contribution of trilinear and
quartic interactions to the integrated cross section. Note
that the operators in Eq. (3) have di! erent signs which
indicates important interference between the (nested)
three- and four point contributions to pp → hh + X al-
ready at the e! ective theory level.

On the other hand, it is known that the e! ective theory
of Eq. (3) insu" ciently reproduces all kinematical prop-
erties of the full theory if the interactions are probed
at momentum transfers Q2 >∼ m2

t [11] and the massive
quark loops are resolved. Since our analysis partly re-
lies on boosted Þnal states, we need to take into account
the full one-loop contribution to dihiggs production to
realistically model the phenomenology.

B. Parton-level considerations

In order to properly take into account the full dynam-
ics of Higgs pair production in the SM we have imple-
mented the matrix element that follows from Fig. 1 in
the Vbfnlo framework [21] with the help of the Fey-

nArts/ FormCalc/ LoopTools packages [22], with
modiÞcations such to include a non-SM trilinear Higgs
couplingà. Our setup allows us to obtain event Þles ac-
cording to the Les Houches standard [23], which can be
straightforwardly interfaced to parton showers. Decay
correlations are trivially incorporated due to the spin-0
nature of the SM Higgs boson.

àThe signal Monte Carlo code underlying this study is planned to
become part of the next update of Vbfnlo and is available upon
request until then.
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BKG quite different!
13

CMS gives 60% uncertainty 
on signal CS measurement

¥ Estimates from experiments far 
worse than theory estimates

¥ Background estimates between 
both experiments quite different
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¥ Inclusive rate 9000 events for 3 iab

¥ Need better simulation of tau decays

[Dolan, Englert, MS (2012)]

[Baglio et al (2012)]

¥ Need detailed sensitivity study of hadronic, semilep, leptonic taus

[Barr, Dolan, Englert, MS (2013)]

¥ Rate can be used for advanced reconstruction (jet substructure, MT2)

¥ Some studies tau efÞciency/fake over optimistic

¥ Need hadronic backgrounds for hadronic tau decays
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¥ b and tau most complicated objects to reliably simulate

¥ Need JES uncertainties for subjets
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¥Handles to suppress background: leptons, b-jets and MET

¥ Without jet substructure we Þnd S/B ~ 1/5

Exclusion at 95% CL:

�WWH = ± 0.33 (479)

bøb⌧+ ⌧ ! (480)

bøb�� (481)

� > �3000/fb
95% CL ' 3.0⇥ �SM (482)

34

¥ MT2 distribution discriminates between HH 
and ttbar 

¥ Jet substructure can help in addition to mT2

known to go very well together

[Barr, Dolan, Englert, MS]

15

¥ Here, major background ttbar -> MT2 can change that
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¥Fully reconstructable Þnal state

BDT

¥Triggering easy due to lepton

¥But looks like ttbarÉ

[Papaefstathiou, Yang, Zurita (2012)]

with S=9 and B=6 after 600 ifb

For SM coupling

16

[Dolan, Englert, MS (2012)]

¥Resolved analysis considered hopeless, 
but how about boosting?

[Baglio et al (2012)]



17

CMS feasibility study for ECFA 

Very large uncertainties in Þt
Huge systematic uncertainties
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[Baur, Plehn, Rainwater]

[Dolan, Englert, MS]

[Papaefstathiou , Ferreira, MS]
¥ DifÞcult to trigger (requires large pT cuts or fat jet)

¥ Huge QCD backgrounds

¥ Can try to use jet substructure techniques 
to overcome large backgrounds

¥ Maybe sideband possible?

¥ After reconstruction and 3000 ifb:

[Wardrope, Jansen, Konstantinidis, 
Cooper, Falla, Norjoharudeen]

¥ S/B ~ 1/20

Boosted + Jet substructure
Resolved + BDT  (incl. ttbar BKG)

consistent

18



¥ need to work a little harder
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FIG. 4: Sample Feynman graphs contributing to pp ! hh + j + X . Not shown are the qg, q̄g and qq̄ subprocesses.
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FIG. 5: Comparison of the pT,j spectrum for pp ! hh + j +X
production. Shown are distributions for the e↵ective interac-
tion (obtained with MadGraph v5 [33] via FeynRules [40]
and Ufo [41]), and the full one-loop matrix element calcula-
tion. We again choose mt = 172.5 GeV and mb = 4.5 GeV
using CTEQ6l1 parton densities and µF = µR = pT,j + 2mh.

better understood. We choose a large enough Higgs
mass window for the reconstruction, in order to avoid
a too large systematic pollution due to our assumption
(in Ref. [44] CMS quotes a O(20%) of the reconstructed
Higgs mass).

In more detail, we require two tau jets, reproducing the
Higgs mass within 50 GeV, m! ! = mh ± 25 GeV. Then
we use the Cambridge/Aachen algorithm to reconstruct
fatjets with R = 1.5 and pT ,j > 150 GeV and require
at least one fatjet in the event. Thereby we demand
the fatjets to be su! ciently isolated from the taus. We
subsequently apply the BDRS approach to the fatjet with
µcut = 0.66 and ycut = 0.09. The two hardest filtered
subjets need to pass b tags and the reconstructed Higgs
jet has to be in mH ± 10 GeV. B-tagging is performed for
|y| < 2.5 and we assume an e! ciency of 70% and a fake
rate of 1% following Ref. [46]. The results are shown in
Tab. VI.

I I I. HIGGS PAIR PR ODUCTION IN
ASSOCIA TION WITH A HARD HADR ONIC JET

A. Parton-Lev el considerations

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

Given these shortcomings of the e" ective theory, we
implement the full matrix element in the Vbfnlo frame-
work using FeynArts/FormCalc/LoopTools. We
have checked our phase space implementation for the

+ quark & gluon 
induced

More jets can keep m    small and pT,H large
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FIG. 4: Sample Feynman graphs contributing to pp ! hh + j + X. Not shown are the qg, øqg and qøq subprocesses.
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FIG. 5: Comparison of the leading order pT,j spectrum for
pp ! hh+ j + X production. Shown are distributions for the
effective interaction (obtained with MadGraph v5 [34] via
FeynRules [45] and Ufo [46]), and the full one-loop matrix
element calculation. We again choosemt = 172.5 GeV and
mb = 4 .5 GeV using CTEQ6l1 parton densities and µF =
µR = pT,j + 2mh .

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

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

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

A. Parton-Level considerations

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

implement the full matrix element in the Vbfnlo frame-
work using FeynArts/FormCalc/LoopTools. We
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FIG. 6: Comparison of the (normalized) leading order max pT,h distributions in pp→ hh + j + X for different multiples of the
trilinear Higgs coupling λ (mt = 172.5 GeV and mb = 4.5 GeV using CTEQ6l1 parton densities), and pT,j ≥ 20 (100) GeV in
the upper (lower) row, respectively. Factorization and renormalization scales are chosen µF = µR = pT,j + 2mh.
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FIG. 7: Comparison of the (normalized) dihiggs lego plot separation in pp → hh + j + X at LO for different multiples of the
trilinear Higgs coupling λ (mt = 172.5 GeV and mb = 4.5 GeV using CTEQ6l1 parton densities), and pT,j ≥ 100 GeV in the
upper (lower) row, respectively. Factorization and renormalization scales are chosen µF = µR = pT,j + 2mh.

retain sensitivity for boosted Higgs

Eff. theory breaks down quickly

inv

Additional jet can help to suppress 
backgrounds:
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S/B ~ 1/2

S/B ~ 3/2

19

[Dolan, Englert, MS]

However rate after reconstruction too small 
for LHC ~ 0.03fb - better at FCC-hh



Other HH production channels

Second largest 
production process

cross section varies 
a lot with lambda

small 
uncertainties

20

[Frederix, Frixione, Hirschi, Maltoni, Mattelaer, Torielli, Vryonidou, Zaro Ô14]



Higgs selfcoupling in HHjj+X

[Baglio et al. JHEP 1304]

[Dolan, Englert, Greiner, MS]

[Contino et al. JHEP 1005]

¥ Want to study VVHH !
Directly related to long. gauge boson scattering

S/B ! 1/ 3 (498)

gW W hh = e2/ (2s2
w ) (499)

gZZhh = e2/ (2s2
w ) (500)

VL VL " hh (501)

35

¥ In SM Þxed:

S/B ! 1/3 (498)

gW W hh = e2/(2s2
w ) (499)

gZZhh = e2/(2s2
w ) (500)

VL VL " hh (501)

35

¥ However in BSM models, e.g. composite (strongly coupled light) 
Higgs models, can be strongly modiÞed

21

¥ Higher-dim operators momentum dependent -> enhanced in high-pT region
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¥ Separation of WBF and gluon fusion channel non-trivial



Higgs selfcoupling in HHjj+X

4

Signal with ! ! " Background S/B

! = 0 ! = 1 ! = 2 tøtjj Other BG ratio to ! = 1

tau selection cuts 0.212 0.091 0.100 3101.0 57.06 0.026! 10! 3

Higgs rec. from taus 0.212 0.091 0.100 683.5 31.92 0.115! 10! 3

Higgs rec. from b jets 0.041 0.016 0.017 7.444 0.303 1.82 ! 10! 3

2 tag jets 0.024 0.010 0.012 5.284 0.236 1.65 ! 10! 3

incl. GF after cuts/re-weighting 0.181 0.099 0.067 5.284 0.236 1/ 61.76

Signal with # ! { gW W hh , gZZhh } Background

# = 0 # = 1 # = 2 tøtjj Other BG

tau selection cuts 1.353 0.091 0.841 3101.0 57.06

Higgs rec. from taus 1.352 0.091 0.840 683.5 31.92

Higgs rec. from b jets 0.321 0.016 0.207 7.444 0.303

2 tag jets/re-weighting 0.184 0.010 0.126 5.284 0.236

incl. GF after cuts/re-weighting 0.273 0.099 0.214 5.284 0.236

TABLE I: Cross sections in fb of the hadron-level analysis de scribed in the text, including results with modiÞed Higgs tr ilinear
and V V  hh couplings. Signal cross sections already include the branching ratios to the h " bøb,$+ $! Þnal states. The top four
rows refer to the WBF sample and the last line includes the re- weighted GF contribution. For details see text.

Due to the particular shape of the re-weighting in Fig. 1
we can always Þnd a set of selection cuts for which e! ec-
tive theory and full calculation agree at the cross section
level. Such an agreement, however, is purely accidental
as it trades o! a suppression against an excess in two
distinct phase space regions. An e! ective Þeld theoretic
treatment of hhjj production without performing the de-
scribed re-weighting must never be trusted for neither
inclusive nor more exclusive analyses.

In the hadron-level analysis we cluster jets from the
Þnal state usingFastJet [49] with R = 0 .4 and pT !
25 GeV and |! j | " 4.5, and require at least two jets. We
double b tag the event (70% acceptance, 1% fake) and
require the invariant mass of the b jets to lie within 15
GeV of the Higgs mass of 125 GeV.

To keep matters transparent in the context of the
highly involved h # " +" ! reconstruction, we assume
a perfect e" ciency of 1 for demonstration purposes
throughout. "" We ask for two tau leptons that reproduce
the Higgs mass of 125 GeV within± 25 GeV. The precise
e" ciencies for leptons in the busy hadronic environment
of the considered process at a 14 TeV high luminosity are
currently unknown, but we expect signal and background
to be a! ect in similar fashion. We remind the reader that
no additional requirements on missing energy ormT2 are
imposed, which are known to reconcile a smaller" e" -

tive theory is an interesting question in itself, which we save for a
separate study [48].

"" We find the tau leptons to be rather hard, which can be used to
trigger the event via the two tau trigger with little signal loss.

ciency in the overall S/B [16].
The b jets are removed from the event and jets that

overlap with the above taus are not considered either.
We require at least two additional jets which are termed
Òtagging jetsÓ of thehhjj event.

Results. The cut ßow of the outlined analysis can be
found in Tab. I. There we also include analyses of sig-
nal samples with changed trilinear andV V†hh couplings.
The latter modiÞcations have to be interpreted with cau-
tion: The V V†hh couplings are purely electroweak and
identical to the couplings of two Goldstone bosons to
two gauge bosons. In the high energy limit the Gold-
stone equivalence theorem tells us that a modiÞcation of
V V†hh away from its SM value is tantamount to unitar-
ity violation, which explains the large growth of the WBF
component for # $= 1 (such an issue is not present for
$ $= 1 even though the electroweak sector is ill-deÞned).
The energy dependence of the matrix element is e! ec-
tively cut-o ! by the parametric Bjorken-x suppression of
the parton distribution functions in the hadronic cross
section. In models in which unitarising degrees are non-
perturbative such a behavior is expected at least quali-
tatively. We leave an in depth theoretical discussion on
approaches to parameterising such coupling deviations to
future accords.

As can be seen from Tab. I, thehhjj analysis in the
bøb" +" ! jj channel will be challenging. However, we re-
mind the reader that no additional selection criteria have
been employed that are known to improveS/B in Òor-
dinaryÓ hh # bøb" +" ! analysis [15, 16]. The arguably
straightforward strategy documented in Tab. I should
rather be considered establishing a baseline for a more

3

on the tagging jets [26] is insu! cient to tame the back-
ground contributions and is troubled by large combinato-
rial uncertainties and small statistics (see below).¦ The
most promising avenue is therefore a generalisation of the
boosted Þnal state analysis of Ref. [15] to a lowerpT two-
jet category: On the one hand, the signal cross section re-
mains large by focussing on thehh ! bøb! + ! ! Þnal state
and combinatorial issues can be avoided (i.e. through
boosted kinematics and substructure techniques).

We generate signal events withMadEvent v4 [28] and
v5 [29] for the WBF and GF contributions, respectively.
The former event generation includes a straightforward
add-on that allows to include the e" ect of modiÞed Higgs
trilinear coupling. The GF event generation employs the
FeynRules / Ufo [30] tool chain to implement the higher
dimensional operators relevant for GF-inducedhhjj pro-
duction in the mt ! " limit. We pass the events toHer-
wig++ [31] for showering and hadronisation. For back-
ground samples we useSherpa [32] andMadEvent v5,
considering tth, tøtjj, ZWWjj, ZHjj and ZZjj. As
in the hh and hhj cases the dominant background is
due to tøt. We normalise the background samples using
NLO K-factors, namely 0.611 pb for tth [33], 300.5 pb
for tøtjj [34]. We adopt the a total ßat K factor of 1.2
for Zh + 2 j motivated from Ref. [35]. We have checked
that all other backgrounds are completely negligible. The
QCD corrections for the signal are known to be small for
the WBF contribution [21, 22]. It is reasonable to expect
that the corrections for the GF contributions will be sim-
ilar to the pp ! hjj following the arguments of Ref. [36],
however, we choose to remain conservative and do not
include a NLO K factor guess for the GF contribution.

We correct the deÞciencies of the GF event genera-
tion in the mt ! " limit via an in-house re-weighting
library which is called at runtime of the analysis. We in-
clude the e" ects of Þnite top and bottom quark masses,
which are treated as complex parameters. The value
of the Higgs trilinear coupling can be steered exter-
nally. For the generation of the matrix elements we used
GoSam [37], a publicly available package for the auto-
mated generation of one-loop amplitudes. It is based on
a Feynman diagrammatic approach usingQGRAF [38]
and FORM [39] for the diagram generation, andSpin-
ney [40],Haggies [41] andFORM to write an optimised
fortran output. The reduction of the one-loop amplitudes
was done usingSamurai [42], which uses ad-dimensional
integrand level decomposition based on unitarity meth-
ods [43]. The remaining scalar integrals have been eval-
uated using OneLoop [44]. Alternatively, GoSam of-
fers a reduction based on tensorial decomposition as con-
tained in the Golem95 library [45].The GoSam frame-

¦ However, it might be able to compensate this by folding in mat rix
elements to the analysis, generalizing the approach of Ref. [27].

work has been used recently for the calculation of signal
and background processes important for Higgs searches
at the LHC [46].

The maximum transverse momentum of the Higgs
bosons is a good variable to compare e" ective with full
theory. For inclusive hhjj production we Þnd a re-
weighted distribution as depicted in Fig. 1. Qualita-
tively, the re-weighting pattern follows the behaviour
anticipated from pp ! hhj production [15] and pp !
hjj [26, 47]. As expected, the shortcomings of the ef-
fective calculation for double Higgs production are more
pronounced than for single Higgs production: Already
for low momentum transfers the e" ective theory deviates
from the full theory by factors of two, making the correc-
tion relevant even for low momenta, where one might ex-
pect the e" ective theory to be in reasonably good shape.
It is precisely the competing andmt -dependent contri-
butions alluded to earlier which are not reßected in the
e" ective theory causing this deviation. When the e" ec-
tive operators are probed at larger momentum transfers
(and the massive quark loops are resolved in the full the-
ory calculation), the e" ective theory overestimates the
gluon fusion contribution by an order of magnitude."
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FIG. 1: max pT,h distribution and e ! ective theory vs. full
theory comparison as a function of the maximum Higgs
transverse momentum of the fully showered and hadronised
gluon fusion sample (satisfying the parton-level generator cuts
pT,j ≥ 20 GeV and |! j | < 4.5).

! A dedicated comparison of the full matrix element with the e ! ec-

So far very rudimentary analysis:

¥ Very bad S/B, but expected to 
improve easilyÉ

¥ Analysis in
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¥ For kinematic distributions full loop  
recommended in gluon fusion

000

WBF only

GF+WBF
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[Dolan, Englert, Greiner, MS]



Other HH production channels

no destructive 
interference

different 
shape

k-factor < 1
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[Frederix, Frixione, Hirschi, Maltoni, Mattelaer, Torielli, Vryonidou, Zaro Ô14]

Thirds largest 
production process



Higgs selfcoupling in ttHH
[Englert, Krauss, MS, Thompson]

¥Though Backgrounds for 5+ 
b-tags already small

¥Signal rate too small for 
inventive reconstruction

¥13-22 signal event with 3000 ifb

[Liu, Zhang]
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Brief comment on New Physics searches beyond EFT

Resonant new physics:

New physics in Loop:

Increase in CS great help 

[No, Ramsey-Musolf 1310.6035]
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FIG. 10: Comparison of composite di-Higgs production pT,H

spectra with the SM for ! = 0.25.

The result in comparison to the SM is shown in Fig. 10
for pp ! hh + X production. For a typical mass
spectrum mt " 174 GeV and the lightest composite
fermion mlightest " 1500 GeV we Þnd agreement with
the enhanced cross sections as reported in Ref. [69],
! (hh)/ ! SM (hh) # 3. The phase space dependence of
this enhancement is rich and non-trivial as a consequence
of the non-diagonal couplings and additional mass scales
that show up in the box contributions, which also in-
terfere with modiÞed trilinear interactions. Hence, it is
di! cult to comment on quantitative similarities of the
composite Higgs phenomenology for di" erent parameter
choices.

However, on a qualitative level, since the composite
scale needs typically to be large in order to have agree-
ment with direct searches and ßavor bounds, the inclu-
sive pp ! hh + X composite phenomenology will be
dominated by modiÞcations with respect to the SM at
medium pT,h " 100 GeV. This phase space region is
mostly sensitive to modiÞcations of thetth coupling and
the modiÞed trilinear h vertex. At large pT,h we ob-
serve an enhancement due to the presence of new mas-

sive fermions in the box contributions of the
(! )
q g-initiated

subprocesses, which access the protonsÕ valence quark
distribution. We note that higher order QCD corrections
are likely to further enhance the cross section prediction
beyond the naive SM-rescaling [34, 73].

We Þnd an even larger enhancement of leading order
pp ! hh + jet production cross section, with pT,j $
80 GeV

! (hh + j ) " 13.0 fb , (3.9)

for both scenarios shown in Fig. 10. This result needs to
be compared to the corresponding LO prediction in the
SM which is ! SM = 2 .8 fb, and amounts to an enhance-
ment of a factor of 4.6. For the fully hadronized search of
Ref. [19] this amounts to S/B " 7, which is well beyond

systematic background uncertainties for high luminosity
searches.

The relatively larger increase of the one jet-inclusive
cross section can be understood along the following lines.
The additional top partners introduce a new mass scale
to the one-loop amplitude. At large transverse momen-
tum, the cross section is dominated by continuumhh
production which mostly proceeds via box diagrams in
addition to initial radiation. The latter is increased as a
result of the newly introduced mass scale in comparison
to the SM, and initial state radiation allows the initial
state partons to access the large valence quark parton
distributions. This e" ect is also visible in the NLO pre-
dictions of pp ! hh + X in composite models employing
the e" ective theory approximation [73].

Summary:
The composite Higgs scenario is a well-motivated

model of electroweak symmetry breaking that is consis-
tent with current ßavor constraints and direct searches
for heavy top partners. Furthermore, composite Higgs
models typically predict a large enhanced di-Higgs cross
section, which is further enhanced in forhh + jet Þnal
state by the introducing a new mass scale to the phe-
nomenology. While small di-Higgs(+jet) rates in the con-
text of the SM might hinder a determination of the SM
Higgs potential in case no further indications of physics
beyond the SM become available, composite di-Higgs
production will overcome this shortcoming due to its
large production cross section. Consequently, also for
extremely heavy top partners, di-Higgs(+jet) production
is going to provide a powerful test of Higgs compositeness
at the LHC.

IV. CONCLUSIONS

A precise determination of the realization of Higgs
mechanismsui generisis an important task that has to be
pursued at the LHC, especially after the recent discovery
of an SM Higgs-like particle. While measurements based
on single Higgs boson production provide only indirect
constraints on the realization of electroweak symmetry
breaking, the partial experimental reconstruction of the
Higgs potential is indispensable to gain a fuller under-
standing at a more fundamental level.

In this paper, we have investigated di-Higgs and di-
Higgs+jet production in a variety of model classes, whose
single Higgs production characteristics can account for
the observation of the new particle at the LHC. Rather
than employing an agnostic Þeld theory approach" we
have picked well-motivated examples of realistic BSM
(scalar) sectors, supplemented by the required fermionic

! See Ref. [74] for related discussions.
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Enhancement in pT tail

[Gouzevitch et al. 1303.6636]

[Cooper et al 1307.0407] ¥ Very heavy resonance decay -> extreme boosts

¥ However, often in singlet, NHDM, multi-scalar extensions
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FIG. 4: Invariant mass distribution of the (a) hh and the (b)
Hh system for MSSM-like production at low tan ! . For details
see text.

(28%) and ZZ (12%). We could increase the branching
ratio into two Higgses further by decreasing tan! , at the
cost of increasing the scalar masses. Using a suitably
modiÞed version ofVbfnlo we Þnd the leading order
production cross-section" (pp ! H ! hh) = 246 fb. We
also calculate the cross-section for" (pp ! H ! Hh).
This is suppressed by the off-shell H in the s-channel,
and by the fact that the #HHh coupling is suppressed
relative to the #Hhh coupling. We Þnd the cross-section
for this process to be 4.5 fb, too low for observation given
h has SM-Higgs-like branching ratios.

We can separate the large contributionH ! hh by
reconstructing the di-Higgs invariant mass which exhibits
a peak atmH . This allows us to extract the cross-section
for pp ! H ! hh, and after cutting around the peak the
remainder of the events are due topp ! h ! hh. As
in the Higgs portal model, this process can be extracted
using the techniques from our previous paper, allowing
constraints to be put on $ and ! . The invariant mass
distribution and rate for the hh + j Þnal state are also
similar to the portal scenario, Fig. 3

Summary: The di-Higgs phenomenology in the MSSM
at low tan ! is similar in many respects to that of the

Higgs portal model. Measurements of the resonant and
non-resonant contributions to di-Higgs production allows
a reconstruction of the parameters$ and ! .

III. NONRESONANT NEW PHYSICS:
PSEUDO-NAMBU-GOLDSTONEISM

Apart from softly-broken supersymmetry, strong in-
teractions are the only other constructions which can
cure the naturalness problem (if only partially) with phe-
nomenologically testable implications.

A well-known example of electroweak symmetry break-
ing from strong interactions is technicolor (TC) where
mW " f where f is the ÒpionÓ decay constant. The
techni-Σ and techni-%resonances will have masses of the
order of the TC conÞning scale, which can be much larger
than the electroweak scale,ΛTC # f . This usually trig-
gers a tension with curing the quadratic energy diver-
gence in perturbative longitudinal gauge boson scatter-
ing, which demands at least a single light degree of free-
dom. An illustrative example which incorporates such
a state is easily constructed from the holographic inter-
pretation of a bulk gauge theory broken by boundary
conditions in a Randall-Sundrum background [38]à: The
appearance of the infrared brane signals the spontaneous
breakdown of conformal invariance in the dual picture
[40]. This is accompanied by higgsing of a symmetry,
which is weakly gauged into the strongly-interacting sec-
tor. On the one hand, such a ÒhiggslessÓ theory does not
have light scalar degrees of freedom analogous to the SM
Higgs boson. On the other hand, stabilizing the compact-
iÞcation moduli via the Goldberger-Wise mechanism [41]
lifts the zero mass radion, which couples to the conformal
anomaly

T µ
µ " m2

W W +
µ W− µ +

m2
w

cos2 &w
Zµ Z µ

+
!

f

mf
øf f + . . . . (3.1)

In the CFT picture we identify a pseudo-dilaton, which
has an impressive resemblance to the SM Higgs boson as
a consequence of its couplings. In this sense, the dilaton
mimics a light Higgs boson because the mass terms are
the source of scaling violation.

Different to this approach is the interpretation of the
entire Higgs multiplet as a set of Nambu-Goldstone
bosons. There are multiple ways to construct such a
model consistently, ranging from collective symmetry
breaking [42] to holographic Higgs models [43, 44] which
vary in their details and symmetry content. Common to

‡Owing to the large N and large Õt Hooft coupling limit [39] of
AdS/CFT, it is intrinsically di ! cult to construct a fully re alistic
model in terms of electroweak precision measurements.

cross section enhancement in small mhh region 

-> small or no boost

-> exploit kinematics

-> exploit rate



Summary

¥ Separation of signal and background most limiting factor to 
measure Higgs selfcoupling at LHC

¥ However, sensitivity in individual channels expected to be low !

Combination of many channels necessary

26

Still reconstruction bigger issue than normalisation of S

Need FINALLY input from experimentalists

¥ Many BSM models enhance HH cross section

Working on HH = no-lose situation for experimentalists

HH Þnal state at core of fundamental questions

SM:

BSM:

¥ Still not clear what HL-LHC can do


