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“HH in weakly interacting models” in this talk
☛ (non-)minimal Supersymmetry 
☛ generic 2HDMs 
☛ (non-)minimal Higgs portals 
☛ (non-)custodial Higgs triplets and higher gauge representations
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FIG. 1: Sample Feynman graphs contributing to pp → hh+X. Graphs of type (a) yield vanishing contributions due to color
conservation.

cal configuration†, 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 configuration of gg → 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 on mh = 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 for mh = 125 GeV in the pp → hh+X channel
in Sec. II C. We discuss boosted Higgs final states in pp →
hh+X in Sec. II D before we discuss pp → 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 define an analysis strategy before we
apply it to the fully showered and hadronized final 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. [14–17] 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 effective

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

ggh and gghh interactions [20]

Leff =
1

4

αs

3π
Ga

µνG
aµν log(1 + h/v) , (2)

which upon expansion leads to

L ⊃ +
1

4

αs

3πv
Ga

µνG
aµνh−

1

4

αs

6πv2
Ga

µνG
aµνh2 . (3)

Studying these operators in the hh+X final 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 different signs which
indicates important interference between the (nested)
three- and four point contributions to pp → hh + X al-
ready at the effective theory level.
On the other hand, it is known that the effective theory

of Eq. (3) insufficiently 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 final 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
modifications such to include a non-SM trilinear Higgs
coupling‡. Our setup allows us to obtain event files 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.

‡The 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.

H + …
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☛ complicated models = plethora of phenomenological signatures

[King, Mühlleitner, Nevzorv, Walz `14]
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[King, Mühlleitner, Nevzorv, Walz `14]
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FIG. 4: Invariant mass distribution of the (a) hh and the (b)
Hh system for MSSM-like production at low tanβ. For details
see text.

(28%) and ZZ (12%). We could increase the branching
ratio into two Higgses further by decreasing tanβ, at the
cost of increasing the scalar masses. Using a suitably
modified version of Vbfnlo we find the leading order
production cross-section σ(pp → H → hh) = 246 fb. We
also calculate the cross-section for σ(pp → H → Hh).
This is suppressed by the off-shell H in the s-channel,
and by the fact that the λHHh coupling is suppressed
relative to the λHhh coupling. We find 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 contribution H → hh by

reconstructing the di-Higgs invariant mass which exhibits
a peak at mH . 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 to pp → 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 α and β. The invariant mass
distribution and rate for the hh + j final state are also
similar to the portal scenario, Fig. 3

Summary: The di-Higgs phenomenology in the MSSM
at low tanβ 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 α and β.

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 “pion” decay constant. The
techni-Σ and techni-ρ resonances will have masses of the
order of the TC confining 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]‡: 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 “higgsless” theory does not
have light scalar degrees of freedom analogous to the SM
Higgs boson. On the other hand, stabilizing the compact-
ification moduli via the Goldberger-Wise mechanism [41]
lifts the zero mass radion, which couples to the conformal
anomaly

T µ
µ ∼ m2

WW+
µ W−µ +

m2
w

cos2 θw
ZµZ

µ

+
∑

f

mf f̄ 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 ’t Hooft coupling limit [39] of
AdS/CFT, it is intrinsically difficult to construct a fully realistic
model in terms of electroweak precision measurements.

typical Higgs pair spectrum with resonances 
(mini-split SUSY, portals, …)

[Dolan, CE, Spannowsky `12]

unboosted

boosted

☛ correlation of on- and off-shell regions can provide complementary yet 
highly non-linear information to constrain model parameters 

☛ experimental strategies differ (unboosted kinematics require rare decays)
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☛ hidden low lying states: exotic 
phenomenology!

[King, Mühlleitner, Nevzorv, Walz `14]
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FIG. 2: Distributions of the electromagnetic radius Rel and the energy isolation Eiso, Eqs. (6), (7). To determine Eiso we choose
r1 = 0.2 and r2 = 0.4 for illustration purposes and we emphasize that our results are qualitatively unaltered for different r1, r2
choices.

Muons and electrons are reconstructed from their ecal
four-vectors and their MC-generated energies. For the
purpose of our analysis we are predominantly interested
in the light leptons’ four-momenta granularized on the
ecal grid. In the actual experiment it is the combination
of calorimeter entries and tracking information which al-
lows precise reconstruction of the light leptons’ four mo-
menta. Here we implicitly assign the total energy of the
lepton, as determined from the above combined measure-
ment, to the ecal hit. We define an electron or a muon
to be isolated if the hadronic energy deposit within a
cone of size R = 0.3 is smaller than 10% of the lepton
candidate’s transverse momentum.
Jets are constructed out of the rest of the massless four

vectors. In particular, we use the anti-kT algorithm with
R = 0.7 as implemented in FastJet [26].

B. Discriminating ditau jets

Usually τ decays are classified in so-called ‘n-pronged’
decays, where ‘n’ specifies the number of isolated charged
tracks associated with the τ -jet. Even for a ditau jet, the
associated number of charged tracks still remains a pow-
erful differentiator. In this work, however, we emphasize
the prongness of the energy deposited in the calorimeters
to isolate a ditau jet.
Let us first note that the various decay modes of the

tau particle can be summarized as follows [27]:

τ± → e±, µ± + /pT 35% ,

τ± → hadrons + /pT 65% ,
(5a)

which is tantamount to ditau jet branching ratios

ditaus decay leptonically 12.25% ,

ditaus decay semi-leptonically 45.5% ,

ditaus decay hadronically 42.25% .

(5b)

Naively one expects that the leptonic or the semi-
leptonic decay channels of the ditau resonance can eas-
ily be tagged due to one or more associated leptons [21].
However, that is not the case for a moderately hard ditau
resonance, which only gives rise to soft leptons. Similar
decay patterns are also observed in the case of B and
D mesons and a tagging algorithm based on identifying
these soft leptons would give rise to large fake rates. In
our analysis, we treat all decay modes listed in Eq. (5)
on an equal footing.
Before introducing new variables, let us first show that

the traditional calorimeter based algorithms for identify-
ing tau-jets are not that potent as far as tagging a ditau
jet is concerned. To do this, we consider the electromag-
netic radius

Rj
em =

∑

α

pT,α ∆R(α, j)

/

∑

α

pT,α , (6)

and the jet energy isolation

Ej
iso =

∑

r1≤∆R(α,j)≤r2

pT,α

/

∑

α

pT,α , (7)

associated with a jet j. Here the index α runs over only
the ecal cells of the jet, and ∆R(α, j) is the angular dis-
tance of the α−th ecal cell from the jet. Note that both
these quantities enter the tau-jet discriminating likeli-
hood of Ref. [8] and play crucial roles in tagging a tau
jet. As shown in Figure 2, ditau jets do not show suffi-
ciently different profiles from ordinary QCD jets in either
of these distributions. Consequently, it is evident that a
naive application of single tau strategies to ditau jets re-
sults in a bad tagging performance.
Both Rel and Eiso are designed to find a clean jet, i.e.

a jet where most of the energy is deposited in only a few
calorimeter cells that are also in close proximity to each
other. A tau jet is such a jet since the hadronic decay

pT ⇠ 300 GeV

exotics reconstruction, e.g. ditau jets, 
double b jets, …         jet substructure

�R ⇠ m/pT
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high discrimination taggers triggered 
by jet substructure development:

7

ditaus ZZj WZj WWj tt̄

1.00 1.00 1.00 1.00 1.00

nℓ = 2,
0.416 0.217 0.130 0.011 0.026

Z mass reconstruction with e+e− or µ+µ−

max (pℓT , p
ℓ′

T ) ≥ 80 GeV, pZT ≥ 150 GeV 0.216 0.048 0.035 0.00019 3.9 10−4

nj ≥ 1 with pjT ≥ 30 GeV, no ∆R(j50, Z) ≤ 1.5 0.199 0.0402 0.029 0.00019 3.0 10−4

/pT ≥ 50 GeV, |∆φ(/p, Z)| ≥ 2 0.172 0.033 0.021 0.00015 4.6 10−5

τ3/τ1|ecal ≤ 0.5 (leading jet) 0.125 0.011 0.0084 5.4 10−5 2.1 10−5

pjT /mj ≥ 7 (leading jet) 0.083 0.0018 0.0020 3.0 10−6 7.2 10−6

cross section [fb] 1.32 0.45 1.83 0.18 0.29

TABLE I: Acceptances for the different steps of the analysis described in Sec. III. The last row gives the cross sections after
all steps have been carried out, including the K factors from QCD corrections (for details see the text).

Figure 7 (compared to the good resolution in purely lep-
tonic final states as considered in Ref. [41]). Nonetheless,
side-band analyses seem very promising. When restrict-
ing mcluster

T (j1j2) < 160 GeV we find σ(signal) = 0.50 fb
and σ(background) = 0.12 fb, which yields S/

√
B ! 5

for L = 12 fb−1.

IV. TOWARD LOW pT DITAU TAGGING

In this section we combine the (sub)jet observables of
Sec. II B to a likelihood,

L = f (τ3/τ1|ecal)× f(pjT /mj)× f(charged tracks) (12)

where the f(.) is the probability distribution of the re-
spective observable in Figures 3 and 5. In Eq. (12) we
have also included the number of charged tracks distribu-
tion, which adds additional discriminative power on top
of τ3/τ1 and pjT /mj according to Figure 6.
From this likelihood we can construct a single quantity

d by a standard procedure (an exercise similar to that is
done for b-tagging [43]), which discriminates ditau jets
from light flavor, c and b jets,

d = p(light flavor)
L(ditau)

L(ditau) + L(light flavor)

+ p(c)
L(ditau)

L(ditau) + L(c)
+ p(b)

L(ditau)

L(ditau) + L(b)
. (13)

The function p(.) denotes the a priori probability of hav-
ing a light flavor jet, a c jet, or a b jet. Therefore,
p(light flavor) + p(c) + p(b) = 1. We choose these proba-
bilities by counting the color and flavor degrees and com-
pletely disregard the parton distributions in the initial
states:

p(c) = p(b) = 3/23 , p(light flavor) = 17/23 . (14)

Since the distributions of the QCD jets are less sensitive
to the flavor content of the jets, this choice has only a
small impact on the actual distribution of d. The result

10.750.50.250

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

b jets

c jets

light flavor jets

ditau jets

d

a
.u

.

FIG. 8: Combined discriminator, Eq. (13), that results from
the likelihood of Eq. (12).

of the choice in Eq. (14) is shown in Fig. 8. Considering
jets with pT ≥ 30 GeV with d > 0.7 gives a ditau-tagging
efficiency of 66% (58%) and with an average mistagging
probability of 7% (6% ) if charged tracks are included
(not included).
The tagging efficiency is, of course, a function of the

considered jet’s transverse momentum as shown in Fig-
ure 9. For larger transverse momenta, pjT /mj looses its
discriminative power, while the discriminative features of
the τ3/τ1 observable remain intact.

V. SUMMARY AND CONCLUSIONS

Non-standard Higgs sectors with non-standard Higgs
decays require dedicated analysis strategies in order not
to miss evidence of new physics when analyzing early
LHC data. In this letter we have argued, that straightfor-
wardly applying tau recognition algorithms to jets which
actually consist of a boosted tau pair does not lead to a
satisfactory signal-over-background discrimination. Con-

• pile-up & underlying event at 
LHC 13? 

• general feasibility for model-
dependent cross sections after 
fits?
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☛ hhh coupling expectation constrained by single Higgs 
measurements in concrete models (e.g. 2HDMs) 7
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FIG. 3. (a) p-value of the 2HDM with a fixed 2HDM/SM ratio chhh of triple h couplings (see (5) for the
complete expression) as a function of chhh. The solid line corresponds to the tight perturbativity bound
(⇤

max

= 2⇡) and the dashed line to the loose bound (⇤
max

= 16⇡). (b)-(f) Allowed ranges for the 2HDM/SM
triple Higgs coupling ratios as a function of the corresponding heavy Higgs mass. Shown are in blue the
regions allowed at 1 � (dark), 2 � (medium) and 3 � (light) for the tight perturbativity bound (⇤

max

= 2⇡)
as well as the corresponding regions for the loose perturbativity bound (⇤

max

= 16⇡) in green. The p-values
in (a) were computed by assuming a chi-square distribution for the test statistic with one degree of freedom.
For the significances in (b)-(f) we assumed a chi-square distribution with two degrees of freedom.

C. Branching Fractions

The search for additional Higgs resonances
in the 2HDM is complicated by the possible

existence of tree-level decays into lighter Higgs
bosons likeH ! hh or A ! Zh. If kinematically
allowed, these decays compete with the standard
decay modesH,A ! Xstd, whereXstd stands for

9
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FIG. 4. Allowed ranges for the branching fractions of heavy neutral Higgs bosons into ‘standard’ final states
(i.e. states which do not contain another Higgs boson) as a function of the corresponding heavy Higgs mass.
Shown are the regions allowed at 1 � (dark), 2 � (medium) and 3 � (light) for the tight perturbativity bound
(⇤

max

= 2⇡).

tan� (� � ↵)/⇡ mH [GeV] mA [GeV] mH± [GeV] m2

12

[GeV2]

a-1 1.50 0.529 700 700 670 180000

b-1 2.52 0.511 200 383 383 14300

b-2 2.23 0.525 300 444 445 32700

b-3 1.73 0.533 400 502 503 62900

b-4 1.74 0.533 600 619 579 126000

c-1 2.22 0.505 200 337 337 12000

c-2 1.88 0.509 300 361 365 27800

c-3 1.49 0.518 400 350 407 47100

c-4 1.25 0.522 600 491 600 123000

d-1 2.78 0.503 200 319 320 10400

d-2 2.17 0.507 300 350 347 26500

d-3 1.85 0.503 400 350 404 53100

d-4 2.40 0.520 600 634 587 114000

e-2 5.34 0.502 250 300 307 10700

e-3 4.90 0.502 229 400 399 10300

e-4 6.45 0.502 498 600 601 37530

TABLE I. Benchmark scenarios with enhanced/reduced triple Higgs couplings. Benchmark a-1 approximates
the best-fit scenario with reduced hhh coupling at the edge of the 2 � interval in Fig. 3a. Benchmarks b-1
to b-4 approximate the best-fit scenarios associated with points on the 2 � contour in Fig. 3b. Benchmarks
c-1 to e-4 are related to Figs. 3c, 3d and 3e in an analogous way. All points are allowed at the 2 � level.

spectively. We see that for scenarios that mini-
mize Br(H ! Xstd) (at the 2 � level) the largest
non-standard decay rate is Br(H ! hh) while
for scenarios that minimize Br(A ! Xstd) the
largest non-standard decay rate is Br(A ! ZH).

B. Higgs Pair Production in the Gluon
Fusion Channel

As we have seen in Section 4 the triple Higgs
coupling between the light Higgs state cannot be
enhanced. However, this does not mean that the
gluon fusion cross section �(gg ! hh) cannot be
enhanced with respect to the SM. In the sec-

☛ single heavy Higgs phenomenology important (tuning in the MSSM?)
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Figure 2: Scatter plots of the samples surviving all the experimental constraints, projected

on the planes of tan� versus mA and mt̃1
.

sizably change the Higgs couplings with the SM fermions. But as mentioned before, mA

should be heavier than about 330 GeV to satisfy the experimental constraints in our scan.

For the right panel it should be mentioned that since the small values of �MSSM
3h /�SM

3h

occur in the small tan� region, heavy stops are usually needed to enhance the Higgs mass

through loop corrections.

Figure 3: Same as Fig.2, but showing the Higgs couplings. The ILC (1 TeV, 1 ab�1)

sensitivities to the alteration of the couplings [53] are also ploted (the regions between the

bars give too small alterations to be detectable at ILC).

In Fig. 3, we show the MSSM Higgs couplings in comparison with the SM predictions.

The ILC (1 TeV, 1 ab�1) sensitivities to the alteration of the couplings [53] are also ploted,

– 11 –

☛ situation similar in the MSSM

[Wu, Yang, Yuan, Zhang `15]

☛ What is the statistical pull of  dihiggs final states?
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☛ concrete expectations for a concrete (most) simple scenario, 
i.e. singlet-extended Higgs sector? 
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FIG. 1: Scan over the parameter points of the 1 ⊕ 1 in-
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of the result; invisible Higgs widths are included in the
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oblique corrections [15]. We show projections of the

M1m and sin2 χ region that is currently allowed by the

LHC (yellow) and the parameter region where there will

be no constraint from a combined ILC+LHC measure-

ment.

where v0 is given by the W mass

MW = g v0/2 (2.10)

with the SU(2)L gauge coupling g derived from the measured W -width in a model-independent way to leading order.

[The hypercharge coupling g′ is derived correspondingly from combining the electron electromagnetic-magnetic

coupling e = gsW and with the hypercharge relation g′ = e/cW .]

The quartic couplings λ0,λ1, or equivalently the vacuum expectation values v0, v1, can be separated only by

measuring the triple Higgs couplings. Denoting the current triple HicHjcHkc Higgs couplings by tcijk [i, j, k = 0.1],

they can be expressed by the physical HpmHqmHrm couplings tmpqr [p, q, r = 0, 1] in the mass basis as

tc = OT
H ⊗ OT

H ⊗ OT
H tm . (2.11)

The tensor components can be written as

tm000 = 1
2 M

2
0m

(

c3χ/v0 + s3χ/v1
)

(2.12)

tm001 = − 1
6 (2M

2
0m +M2

1m) (cχ/v0 − sχ/v1) cχsχ (2.13)

tm011 = 1
6 (M

2
0m + 2M2

1m) (sχ/v0 + cχ/v1) cχsχ (2.14)

tm111 = − 1
2 M

2
1m

(

s3χ/v0 − c3χ/v1
)

(2.15)

with the abbreviations cχ = cosχ etc; they are symmetric under index permutations. The Feynman rules follow from

multiplying the above equations by a minus sign and a combinatorial factor that counts the number of the identical

external legs. The parameter v1 of the hidden sector is naturally associated either with [small] mixing coefficients or

with coupling/mass suppressed H1 degrees of freedom.

For illustration purposes, we pick, with M0m = 125 GeV, a representative parameter point

cos2 χ = 0.9 , M1m/M0m = 2.5 , v1/v0 = 2 (2.16)

from the scan of the allowed points depicted in Fig. 1 [choosing a SM-like width of H0m]. Identifying the mass of

H0m with 125 GeV, the global area of the two unknown parameters, i.e. the second Higgs mass M1m and the mixing

sin2 χ, is tightly constrained by future precision measurements of the H0m boson. For a numerical investigation of the

above parameter point we adopt the extrapolations to 3 ab−1 for LHC at 14 TeV and adopt an energy of 250 GeV for

ILC as provided in Ref. [16]. A measurement of cos2 χ and the masses M1m and M0m, which will be well established

at the quoted LHC luminosity, is not enough to separate vacuum expectation values from quartic couplings in the

most general and complete analysis of the 1 ⊕ 1 system. We need (at least) one additional measurement in order to
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where v0 is given by the W mass

MW = g v0/2 (2.10)

with the SU(2)L gauge coupling g derived from the measured W -width in a model-independent way to leading order.

[The hypercharge coupling g′ is derived correspondingly from combining the electron electromagnetic-magnetic

coupling e = gsW and with the hypercharge relation g′ = e/cW .]

The quartic couplings λ0,λ1, or equivalently the vacuum expectation values v0, v1, can be separated only by

measuring the triple Higgs couplings. Denoting the current triple HicHjcHkc Higgs couplings by tcijk [i, j, k = 0.1],

they can be expressed by the physical HpmHqmHrm couplings tmpqr [p, q, r = 0, 1] in the mass basis as

tc = OT
H ⊗ OT

H ⊗ OT
H tm . (2.11)

The tensor components can be written as

tm000 = 1
2 M

2
0m

(

c3χ/v0 + s3χ/v1
)

(2.12)

tm001 = − 1
6 (2M

2
0m +M2

1m) (cχ/v0 − sχ/v1) cχsχ (2.13)

tm011 = 1
6 (M

2
0m + 2M2

1m) (sχ/v0 + cχ/v1) cχsχ (2.14)

tm111 = − 1
2 M

2
1m

(

s3χ/v0 − c3χ/v1
)

(2.15)

with the abbreviations cχ = cosχ etc; they are symmetric under index permutations. The Feynman rules follow from

multiplying the above equations by a minus sign and a combinatorial factor that counts the number of the identical

external legs. The parameter v1 of the hidden sector is naturally associated either with [small] mixing coefficients or

with coupling/mass suppressed H1 degrees of freedom.

For illustration purposes, we pick, with M0m = 125 GeV, a representative parameter point

cos2 χ = 0.9 , M1m/M0m = 2.5 , v1/v0 = 2 (2.16)

from the scan of the allowed points depicted in Fig. 1 [choosing a SM-like width of H0m]. Identifying the mass of

H0m with 125 GeV, the global area of the two unknown parameters, i.e. the second Higgs mass M1m and the mixing

sin2 χ, is tightly constrained by future precision measurements of the H0m boson. For a numerical investigation of the

above parameter point we adopt the extrapolations to 3 ab−1 for LHC at 14 TeV and adopt an energy of 250 GeV for

ILC as provided in Ref. [16]. A measurement of cos2 χ and the masses M1m and M0m, which will be well established

at the quoted LHC luminosity, is not enough to separate vacuum expectation values from quartic couplings in the

most general and complete analysis of the 1 ⊕ 1 system. We need (at least) one additional measurement in order to
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9

enhanced destructive interference of tm000 with the box contribution and the propagator suppression for very small val-

ues of v1. In this senseH1m “leaks” into theH0m measurement region and must not be discarded in the actual analysis.

The region of large v1 values is determined by the cos2 χ pieces of tm000 and tm001 and the asymptotic cross section

settles at a smaller cross section with respect to the SM, mostly as a consequence of the cos4 χ suppression. By

contrast, given the small mixing and the kinematic suppression, it is impossible to observe tm011 and tm111 at the LHC [18].

Depending on the scenario, systematics etc., either the peak or the continuum analysis can perform better. In any

case, both analyses can be used for cross checks and for lifting the degeneracy, if present, of the peak analysis. Using

the currently known results we find a lower limit of

v1 > 200 GeV (2.17)

with the bb̄τ+τ− analysis to be compared with the slightly larger bound for the chosen parameter point. This

interval can be mapped onto the allowed region of Fig. 2 constraining η,λ1,λ0. However, as can be seen from

Figs. 3a and 3b, the model-independent separation of the λ parameters and the vacuum expectation value v1 is

in general not feasible for the planned luminosities at LHC as an upper bound on v1 is very loose if it can be

established at all. Even at an e+e− collider running at
√
s = 500 GeV (Fig. 4) we can only extract a lower limit

on v1 at an integrated luminosity of 2 ab−1 [see Ref. [23] for a general discussion of measuring the trilinear Higgs

coupling at a linear collider]. However, given that at this luminosity the uncertainties are still statistics-driven, there

might be the possibility to extract an upper limit on v1 in the far future. In fact, the quoted uncertainty band

is entirely dominated by the statistical uncertainty of the signal counts as the search is essentially background-free [24].

However, in theoretical scenarios which predict the values of the gauge coupling and the hypercharge in the hidden

sector, the vacuum expectation value v1 can be determined from the two vector-boson masses:

v1/v0 = [g/2]/[gV YV ] × MV c/MW . (2.18)
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FIG. 3a: Dihiggs production cross section for the pa-

rameter point in Eq. (2.16) as function of v1 excluding

the H1m → H0mH0m signal region by cutting out the

H1m resonance via an invariant mass cut on the dihiggs

system m(H0mH0m). We use the efficiencies of Ref. [21].

The vertical line represents the benchmark value of v1
that can be extracted from the vector-boson masses in
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FIG. 3b: Dihiggs production cross section for Eq. (2.16)

as function of v1 selecting the H1m → H0mH0m signal
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mass cut on the dihiggs system m(H0mH0m). We use
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[Choi, CE, Zerwas `13]
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where v0 is given by the W mass

MW = g v0/2 (2.10)

with the SU(2)L gauge coupling g derived from the measured W -width in a model-independent way to leading order.

[The hypercharge coupling g′ is derived correspondingly from combining the electron electromagnetic-magnetic

coupling e = gsW and with the hypercharge relation g′ = e/cW .]

The quartic couplings λ0,λ1, or equivalently the vacuum expectation values v0, v1, can be separated only by

measuring the triple Higgs couplings. Denoting the current triple HicHjcHkc Higgs couplings by tcijk [i, j, k = 0.1],

they can be expressed by the physical HpmHqmHrm couplings tmpqr [p, q, r = 0, 1] in the mass basis as

tc = OT
H ⊗ OT

H ⊗ OT
H tm . (2.11)

The tensor components can be written as

tm000 = 1
2 M

2
0m

(

c3χ/v0 + s3χ/v1
)

(2.12)

tm001 = − 1
6 (2M

2
0m +M2

1m) (cχ/v0 − sχ/v1) cχsχ (2.13)

tm011 = 1
6 (M

2
0m + 2M2

1m) (sχ/v0 + cχ/v1) cχsχ (2.14)

tm111 = − 1
2 M

2
1m

(

s3χ/v0 − c3χ/v1
)

(2.15)

with the abbreviations cχ = cosχ etc; they are symmetric under index permutations. The Feynman rules follow from

multiplying the above equations by a minus sign and a combinatorial factor that counts the number of the identical

external legs. The parameter v1 of the hidden sector is naturally associated either with [small] mixing coefficients or

with coupling/mass suppressed H1 degrees of freedom.

For illustration purposes, we pick, with M0m = 125 GeV, a representative parameter point

cos2 χ = 0.9 , M1m/M0m = 2.5 , v1/v0 = 2 (2.16)

from the scan of the allowed points depicted in Fig. 1 [choosing a SM-like width of H0m]. Identifying the mass of

H0m with 125 GeV, the global area of the two unknown parameters, i.e. the second Higgs mass M1m and the mixing

sin2 χ, is tightly constrained by future precision measurements of the H0m boson. For a numerical investigation of the

above parameter point we adopt the extrapolations to 3 ab−1 for LHC at 14 TeV and adopt an energy of 250 GeV for

ILC as provided in Ref. [16]. A measurement of cos2 χ and the masses M1m and M0m, which will be well established

at the quoted LHC luminosity, is not enough to separate vacuum expectation values from quartic couplings in the

most general and complete analysis of the 1 ⊕ 1 system. We need (at least) one additional measurement in order to
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oblique corrections [15]. We show projections of the

M1m and sin2 χ region that is currently allowed by the

LHC (yellow) and the parameter region where there will

be no constraint from a combined ILC+LHC measure-

ment.

where v0 is given by the W mass

MW = g v0/2 (2.10)

with the SU(2)L gauge coupling g derived from the measured W -width in a model-independent way to leading order.

[The hypercharge coupling g′ is derived correspondingly from combining the electron electromagnetic-magnetic

coupling e = gsW and with the hypercharge relation g′ = e/cW .]

The quartic couplings λ0,λ1, or equivalently the vacuum expectation values v0, v1, can be separated only by

measuring the triple Higgs couplings. Denoting the current triple HicHjcHkc Higgs couplings by tcijk [i, j, k = 0.1],

they can be expressed by the physical HpmHqmHrm couplings tmpqr [p, q, r = 0, 1] in the mass basis as

tc = OT
H ⊗ OT

H ⊗ OT
H tm . (2.11)

The tensor components can be written as

tm000 = 1
2 M

2
0m

(

c3χ/v0 + s3χ/v1
)

(2.12)

tm001 = − 1
6 (2M

2
0m +M2

1m) (cχ/v0 − sχ/v1) cχsχ (2.13)

tm011 = 1
6 (M

2
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1m) (sχ/v0 + cχ/v1) cχsχ (2.14)

tm111 = − 1
2 M

2
1m

(

s3χ/v0 − c3χ/v1
)

(2.15)

with the abbreviations cχ = cosχ etc; they are symmetric under index permutations. The Feynman rules follow from

multiplying the above equations by a minus sign and a combinatorial factor that counts the number of the identical

external legs. The parameter v1 of the hidden sector is naturally associated either with [small] mixing coefficients or

with coupling/mass suppressed H1 degrees of freedom.

For illustration purposes, we pick, with M0m = 125 GeV, a representative parameter point

cos2 χ = 0.9 , M1m/M0m = 2.5 , v1/v0 = 2 (2.16)

from the scan of the allowed points depicted in Fig. 1 [choosing a SM-like width of H0m]. Identifying the mass of

H0m with 125 GeV, the global area of the two unknown parameters, i.e. the second Higgs mass M1m and the mixing

sin2 χ, is tightly constrained by future precision measurements of the H0m boson. For a numerical investigation of the

above parameter point we adopt the extrapolations to 3 ab−1 for LHC at 14 TeV and adopt an energy of 250 GeV for

ILC as provided in Ref. [16]. A measurement of cos2 χ and the masses M1m and M0m, which will be well established

at the quoted LHC luminosity, is not enough to separate vacuum expectation values from quartic couplings in the

most general and complete analysis of the 1 ⊕ 1 system. We need (at least) one additional measurement in order to
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☛ concrete expectations for a concrete (most) simple scenario, 
i.e. singlet-extended Higgs sector? 
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FIG. 4: Double Higgs-strahlung at a 500 GeV e+e− col-

lider as a function of v1 for the chosen parameter point.

The blue band corresponds to the parameter range al-

lowed by an measurement with a 2 ab−1 sample. We

adopt efficiencies from Ref. [24].

Thus, the fundamental current parameters λ0, µ2
0;λ1, µ2

1; η in the Higgs potential can, in principle, be extracted

from experimental data, the combinations λ0v20 ;λ1v21 ; η1v0v1 easily extracted from masses and mixings, and the v′s

separately bounded from trilinear Higgs couplings or derived from vector-mass measurements in specified theories.

When the gauge couplings and charges are predicted theoretically, all the fundamental Higgs parameters can be

extracted.

2.2. Kinetic Mixing

Analogously, the mixing of the gauge sector can be worked out explicitly. The kinetic term and the mass term are

diagonalized by a SL(3,R) kinetic transformation and an orthogonal 3× 3 rotation matrix OV as

⎛

⎜

⎝

W

B

V

⎞

⎟

⎠

c

=

⎛

⎜

⎜

⎝

sW cW 0

cW −sW −sσ

0 0 σ

⎞

⎟

⎟

⎠

⎛

⎜

⎜

⎝

1 0 0

0 cos θ − sin θ

0 sin θ cos θ

⎞

⎟

⎟

⎠

⎛

⎜

⎝

A

Z

V

⎞

⎟

⎠

m

(2.19)

with σ = 1/
√
1− s2. The masses, in the current basis,

M2
Wc

= g2 T 2
3 v20 = g2 v20/4 (2.20)

M2
Bc

= g′2 Y 2
0 v20 = g′2v20/4 (2.21)

M2
Zc

= [g2 + g′2]v20/4 (2.22)

M2
Vc

= g2V Y 2
V v21 (2.23)

are defined by the gauge couplings, the vacuum expectation values, and the SU(2) T3 and the U(1) Y charges of the

Higgs fields. Since the charged W -field does not mix with the vector field in the hidden sector, the measured values of

the W -mass and width determine the parameters g and v0 and the SM relations g = e/sW and g′ = e/cW define sW ,

g′, gZ = [g2 + g′2]1/2 and MZc
before mixing. The [neutral] current masses are transformed to the vanishing photon

mass MAm
= 0 and two physical non-zero gauge boson masses MZm

,MVm
by the rotation angle θ. The exact and the

approximate forms, expanded up to second order in s and ||M2
Zc/M

2
VC

||, may be denoted as

M2
Zm

= M2
Zc

{

(1 + s2Wσ2s2 + σ2∆)−
√

(1 + s2Wσ2s2 + σ2∆)2 − 4σ2∆

}

/2 ≃M2
Zc

+ ... (2.24)

M2
Vm

= M2
Zc

{

(1 + s2Wσ2s2 + σ2∆) +
√

(1 + s2Wσ2s2 + σ2∆)2 − 4σ2∆

}

/2 ≃ M2
V c + s2M2

Vc
+ ... (2.25)

tan 2θ = 2sWσs/(1 − s2Wσ2s2 − σ2∆) ≃ −2sW (M2
Zc
/M2

Vc
) s+ ... (2.26)

[Choi, CE, Zerwas `13]
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FIG. 1: Scan over the parameter points of the 1 ⊕ 1 in-

cluding current H0m measurements and exclusion limits

for H1m. Kinetic mixing is switched off for transparency

of the result; invisible Higgs widths are included in the

scan. Also included are constraints from unitarity and

oblique corrections [15]. We show projections of the

M1m and sin2 χ region that is currently allowed by the

LHC (yellow) and the parameter region where there will

be no constraint from a combined ILC+LHC measure-

ment.

where v0 is given by the W mass

MW = g v0/2 (2.10)

with the SU(2)L gauge coupling g derived from the measured W -width in a model-independent way to leading order.

[The hypercharge coupling g′ is derived correspondingly from combining the electron electromagnetic-magnetic

coupling e = gsW and with the hypercharge relation g′ = e/cW .]

The quartic couplings λ0,λ1, or equivalently the vacuum expectation values v0, v1, can be separated only by

measuring the triple Higgs couplings. Denoting the current triple HicHjcHkc Higgs couplings by tcijk [i, j, k = 0.1],

they can be expressed by the physical HpmHqmHrm couplings tmpqr [p, q, r = 0, 1] in the mass basis as

tc = OT
H ⊗ OT

H ⊗ OT
H tm . (2.11)

The tensor components can be written as

tm000 = 1
2 M

2
0m

(

c3χ/v0 + s3χ/v1
)

(2.12)

tm001 = − 1
6 (2M

2
0m +M2

1m) (cχ/v0 − sχ/v1) cχsχ (2.13)

tm011 = 1
6 (M

2
0m + 2M2

1m) (sχ/v0 + cχ/v1) cχsχ (2.14)

tm111 = − 1
2 M

2
1m

(

s3χ/v0 − c3χ/v1
)

(2.15)

with the abbreviations cχ = cosχ etc; they are symmetric under index permutations. The Feynman rules follow from

multiplying the above equations by a minus sign and a combinatorial factor that counts the number of the identical

external legs. The parameter v1 of the hidden sector is naturally associated either with [small] mixing coefficients or

with coupling/mass suppressed H1 degrees of freedom.

For illustration purposes, we pick, with M0m = 125 GeV, a representative parameter point

cos2 χ = 0.9 , M1m/M0m = 2.5 , v1/v0 = 2 (2.16)

from the scan of the allowed points depicted in Fig. 1 [choosing a SM-like width of H0m]. Identifying the mass of

H0m with 125 GeV, the global area of the two unknown parameters, i.e. the second Higgs mass M1m and the mixing

sin2 χ, is tightly constrained by future precision measurements of the H0m boson. For a numerical investigation of the

above parameter point we adopt the extrapolations to 3 ab−1 for LHC at 14 TeV and adopt an energy of 250 GeV for

ILC as provided in Ref. [16]. A measurement of cos2 χ and the masses M1m and M0m, which will be well established

at the quoted LHC luminosity, is not enough to separate vacuum expectation values from quartic couplings in the

most general and complete analysis of the 1 ⊕ 1 system. We need (at least) one additional measurement in order to
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scan. Also included are constraints from unitarity and

oblique corrections [15]. We show projections of the

M1m and sin2 χ region that is currently allowed by the

LHC (yellow) and the parameter region where there will

be no constraint from a combined ILC+LHC measure-

ment.

where v0 is given by the W mass

MW = g v0/2 (2.10)

with the SU(2)L gauge coupling g derived from the measured W -width in a model-independent way to leading order.

[The hypercharge coupling g′ is derived correspondingly from combining the electron electromagnetic-magnetic

coupling e = gsW and with the hypercharge relation g′ = e/cW .]

The quartic couplings λ0,λ1, or equivalently the vacuum expectation values v0, v1, can be separated only by

measuring the triple Higgs couplings. Denoting the current triple HicHjcHkc Higgs couplings by tcijk [i, j, k = 0.1],

they can be expressed by the physical HpmHqmHrm couplings tmpqr [p, q, r = 0, 1] in the mass basis as

tc = OT
H ⊗ OT

H ⊗ OT
H tm . (2.11)

The tensor components can be written as

tm000 = 1
2 M

2
0m

(

c3χ/v0 + s3χ/v1
)

(2.12)

tm001 = − 1
6 (2M

2
0m +M2

1m) (cχ/v0 − sχ/v1) cχsχ (2.13)

tm011 = 1
6 (M

2
0m + 2M2

1m) (sχ/v0 + cχ/v1) cχsχ (2.14)

tm111 = − 1
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2
1m

(

s3χ/v0 − c3χ/v1
)

(2.15)

with the abbreviations cχ = cosχ etc; they are symmetric under index permutations. The Feynman rules follow from

multiplying the above equations by a minus sign and a combinatorial factor that counts the number of the identical

external legs. The parameter v1 of the hidden sector is naturally associated either with [small] mixing coefficients or

with coupling/mass suppressed H1 degrees of freedom.

For illustration purposes, we pick, with M0m = 125 GeV, a representative parameter point

cos2 χ = 0.9 , M1m/M0m = 2.5 , v1/v0 = 2 (2.16)

from the scan of the allowed points depicted in Fig. 1 [choosing a SM-like width of H0m]. Identifying the mass of

H0m with 125 GeV, the global area of the two unknown parameters, i.e. the second Higgs mass M1m and the mixing

sin2 χ, is tightly constrained by future precision measurements of the H0m boson. For a numerical investigation of the

above parameter point we adopt the extrapolations to 3 ab−1 for LHC at 14 TeV and adopt an energy of 250 GeV for

ILC as provided in Ref. [16]. A measurement of cos2 χ and the masses M1m and M0m, which will be well established

at the quoted LHC luminosity, is not enough to separate vacuum expectation values from quartic couplings in the

most general and complete analysis of the 1 ⊕ 1 system. We need (at least) one additional measurement in order to
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☛ comprehensive analysis by Sally et al. few days ago [Dawson, Ismail, Low `15]

8, ppÆh

8, ppÆhh

3, ppÆh

3, ppÆhh

-0.2 0.0 0.2 0.4 0.6 0.8
0.0

0.2

0.4

0.6

0.8

1.0

k

s
ês S

M

8:mS=101.3 GeV; 3:mS=90.2 GeV; S =13 TeV

FIG. 16: Ratio of 1h production to the SM prediction when the top quark is replaced by a color

triplet scalar of mass ms = 90.2 GeV (black dash) and by a color octet scalar of mass, ms = 101.3

GeV (black solid), compared with the ratio of 2h production to the SM prediction when the top

quark is replaced by a color triplet scalar of mass ms = 90.2 GeV (blue dot- dash) and by a color

octet scalar of mass, ms = 101.3 GeV (red dash).
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FIG. 17: Distributions for 2h production when the parameters are tuned to give the SM total cross

sections for 1h and 2h production.

the high mhh tail of the 2h distribution. The invariant mass distributions for 2h production

are shown in Fig. 19 assuming a SM-like top quark and an additional 800 GeV color triplet

scalar. If the scalar receives half of its mass squared from electroweak symmetry breaking,

m2
0 = m2

s/2, the 1h rate is in roughly 2� tension with the current measurement, and the

2h distribution deviates from the SM expectation starting at 2ms, roughly speaking. For
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FIG. 12: Invariant mass distribution for a heavy fermion with mass, MT , and SM-like Yukawa

couplings. The tri-linear Higgs coupling is allowed to vary from the SM value of �3 = 0.

mixes with the SM-like top quark, T 1. The Yukawa couplings in the top partner sector are

[88–90],

� LY ⇠ �2 
1

LH̃T 1
R + �3 

1

LH̃T 2
R + �4T 2

LT 1
R + �5T 2

LT 2
R + h.c. , (25)

where the Standard Model-like particles are denoted as

 L =

0

@T 1
L

bL

1

A , T 1
R , bR . (26)

The addition of the �5 Dirac fermion mass term in Eq. 25 means that the fermion masses

are not completely determined by electroweak symmetry breaking. We can always rotate

T 2 such that �4 = 0 and so there are 3 independent parameters in the top sector, which we

take to be the physical charge-2
3
quark masses, mt and MT , along with the mixing angle, ✓L.

In the following, we will abbreviate sL ⌘ sin ✓L, cL ⌘ cos ✓L. The couplings of the physical

heavy charge-2
3
quarks to the Higgs boson are,

� LH =
mt

v
c2LtLtRh+

MT

v
s2LTLTRh+ sLcL

MT

v
tLTRh+ sLcL

mt

v
TLtRh+ h.c. . (27)

The parameters of the fermonic top partner model are limited by electroweak precision

measurements to sin ✓L < .12 [88–90] and by direct search experiments to MT > 880 GeV

[91, 92].
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fermions scalars

boosted

☛ differential distributions relevant. Can this be accessed?
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• the role of hh for heavy Higgs searches (will be model-dependent) 

how relevant?is it possible?

➡ can be the relevant discovery channel (tuning?) 
➡ complementary information, esp. through correlations

• lots of benchmarking underway  

• need to validate strategies in different kinematic regimes and channels

• very hard to make generic statements at this stage: lots of models 
with exotics still viable, however hh does not exist in a vacuum

first analyses 
available

not yet attempted


