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•Now we want to finally study the 
mechanism/potential

•We have the remnant of  
elw. symmetry breaking

•Jose talked about HH in Higgs portal context

•To contrast BSM measurement SM needs to be 
understood first. This talk SM HH and non-HP BSM

•Studying quartic impossible at envisioned FCs

•One of best reasons for phase 2 upgrade: 
if ILC does not go to 1 TeV might not outperform LHC
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Higgs self-coupling measurements in the Standard Model
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Potential needs at least 
dihiggs production!
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Recent progress in HH cross section calculations

HH

HHj

HHjj

NLO eff. mt

NLO full mt [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

LO full mt

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

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

and now many others…

(reweighted)
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Higgs selfcoupling in HH+X

4
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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 /µR ≤ 2.

Again, we already included the counter terms in the

definition of σ̂(c+)
qg and σ̂(c−)

gq . Finally, for the quark-
antiquark subprocess we have

σ̂b
qq̄ =

∫

d cos θ1 dθ2 dy

√

x(x − 4M2
H/s)

512 π4
fqq̄(x, y, θ1, θ2) .

(17)
The expressions for fqg, fgq and fqq̄ 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 find 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 /µR ≤ 2. We recall that we always normalize
our results with the exact top- and bottom-mass depen-
dence at LO. We use MH = 126GeV, Mt = 173.18GeV
and Mb = 4.75GeV.
Given that at one-loop order the corrections to the ef-

fective vertex ggHH are the same than those of ggH , we

will assume for the phenomenological results that C(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
different way in Ref. [16]. The numerical effect 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. energy Ecm =

√
sH = 14TeV, at LO, NLO and

NNLO accuracy. We can observe that it is only at this
order that the first sign of convergence of the pertur-
bative series appears, finding 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

σLO = 17.8+5.3
−3.8 fb

σNLO = 33.2+5.9
−4.9 fb (18)

σNNLO = 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 KNNLO = 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. energy Ecm, in the range from 8TeV to
100TeV. 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 100TeV. 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 flux and coupling constant uncertain-
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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 KNNLO = 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. energy Ecm, in the range from 8TeV to
100TeV. 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 100TeV. 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 flux and coupling constant uncertain-

5

Ecm 8 TeV 14 TeV 33 TeV 100 TeV

σNNLO 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+αS [%] +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 different 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 flat. In order to ease
the use of our NNLO results, we provide the following
approximated analytic expression for the K factor, valid
in the range 8TeV ≤ Ecm ≤ 100TeV:

σNNLO

σNLO
= 1.149−0.326

(

Ecm

1TeV

)−1

+0.327

(

Ecm

1TeV

)−1/2

,

(19)
which runs from 1.22 at 8TeV to 1.18 at 100TeV. 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

σNNLO

σLO
= 1.242−7.17

(

Ecm

1TeV

)−1

+5.77

(

Ecm

1TeV

)−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

1TeV

)−1

+ 18.6

(

Ecm

1TeV

)−1/2

.

(21)
In this case, we have ±9.4% and ±5.8% at 8 and 100TeV
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 = 14TeV 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 final state.
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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 find excellent agreement in total, keeping in mind
that the results of Ref. [14] were obtained 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 paper‡. Interference between the
di↵erent contributions depicted in Fig. 3 becomes obvious
for the di↵erently chosen Higgs self-couplings.

We also learn from Fig. 3 that the dihiggs cross sec-
tion has a fairly large dependence on the particular value
of the trilinear coupling for a mh = 125 GeV Higgs bo-

‡Using the integration-mode of FormCalc/LoopTools with the
CTEQ6l1 set we obtain perfect agreement.

son. The qualitative Higgs mass dependence for 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
close to the mass of 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 ameliorates the s-
channel suppression of the trilinear coupling-sensitive tri-
angle graphs and causes the dependence of the cross sec-
tion on the trilinear coupling to become large at around
mh

<⇠ mt.
To gain sensitivity beyond total event counts, it is im-

portant to isolate the region of phase space which is most
sensitive to modifications 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 single phenomenologically relevant observ-
able to hh production, which can be chosen as the Higgs
transverse momentum 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
again from phase space regions characterized by s ⇠ 4m2

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

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

• the Higgs bosons from inclusive dihiggs productions
are naturally boosted pT,h

>⇠ 100 GeV,

• interference leads to an a priori �-sensitive phe-
nomenology for mh ' 125 GeV,

• identical interference e↵ects also cause the bulk of
the sensitivity to � to follow from configurations
with pT,h ⇠ 100 GeV, while the pT,h shape at large
values becomes similar for di↵erent values of � due

Higgs selfcoupling in HH+X

= lim

n!1
⇧

n�1
i=0 (1� Psomething(Ti < t  Ti+1)) (467)

�M2
H =

�2
fNf

4⇡2



(m2
f �m2

S) log

✓

⇤

mS

◆

+ 3m2
f log

✓

mS

mf

◆�

(468)

�2
f = 2m2

f/v
2
= ��S (469)

NS = 2Nf (470)

mh = 125 GeV (471)

33

A priori good sensitivity for 
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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 find excellent agreement in total, keeping in mind
that the results of Ref. [14] were obtained 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 paper‡. Interference between the
di↵erent contributions depicted in Fig. 3 becomes obvious
for the di↵erently chosen Higgs self-couplings.

We also learn from Fig. 3 that the dihiggs cross sec-
tion has a fairly large dependence on the particular value
of the trilinear coupling for a mh = 125 GeV Higgs bo-

‡Using the integration-mode of FormCalc/LoopTools with the
CTEQ6l1 set we obtain perfect agreement.

son. The qualitative Higgs mass dependence for 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
close to the mass of 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 ameliorates the s-
channel suppression of the trilinear coupling-sensitive tri-
angle graphs and causes the dependence of the cross sec-
tion on the trilinear coupling to become large at around
mh

<⇠ mt.
To gain sensitivity beyond total event counts, it is im-

portant to isolate the region of phase space which is most
sensitive to modifications 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 single phenomenologically relevant observ-
able to hh production, which can be chosen as the Higgs
transverse momentum 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
again from phase space regions characterized by s ⇠ 4m2

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

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

• the Higgs bosons from inclusive dihiggs productions
are naturally boosted pT,h

>⇠ 100 GeV,

• interference leads to an a priori �-sensitive phe-
nomenology for mh ' 125 GeV,

• identical interference e↵ects also cause the bulk of
the sensitivity to � to follow from configurations
with pT,h ⇠ 100 GeV, while the pT,h shape at large
values becomes similar for di↵erent values of � due
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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 e↵ective

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

ggh and gghh interactions [20]

Le↵ =
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 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 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 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.
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[Georgi et al. `78]
s = (ph,1 + ph,2)2 = 4m2

t

Higgs selfcoupling in HH+X

2

(a)

g

g

h

h

g

t, b

t, b

t, b

(b)

g

g

h

h

t, b

t, b

t, b

t, b

(c)

g

g

h

hh
t, b

t, b

t, b

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.
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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.
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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.
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that the operators in Eq. (3) have different signs which
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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.
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Where is sensitivity located?
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Possible final states:
:

•  Early on considered most sensitive

•  Problem, difficult to simulate backgrounds:
large reducible backgrounds (jets->photons)
multi-jets have not been included

•  Possibly side-band analysis might help
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[Baur, Pehn, Rainwater ’03]

•  Still best analysis but parton level

cuts:
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:
• Rate improvement
• Though reconstruction of taus difficult

• Best strategy: - require boost (fatjet) + jet substructure
-  reject ttbar with mT2

• Plenty and sizable elw. backgrounds, e.g Zbb, HZ, WH, ttbar 
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pTvis1 pTvis2

missing pT

in the measurement of the W± mass.
In events considered in this example, however, there are expected to be

two unseen lightest supersymmetric particles (LSPs).2 Since only the sum of
the missing transverse momentum of the two neutralinos is known, the best
that can be done is to evaluate the quantity

min
/q(1)

T
+/q(2)

T
=/p

T

[

max
{

m2
T (pπ(1)

T , /q(1)
T ; mχ0

1
), m2

T (pπ(2)

T , /q(2)
T ; mχ0

1
)
}]

(7)

which is thus a lower bound on the square of the transverse mass, mT , for
events where two decays of the type (1) occur. Note that this minimisation

has forced us to introduce a pair of dummy two-vectors /q(1)
T and /q(2)

T which,
constrained by the minimisation condition, parametrise our lack of knowledge
about the two true neutralino momenta. Finally, we must recognise that
under most circumstances, the value of mχ0

1
is unlikely to be known, or may

only be known with limited precision. In order to make our ignorance of mχ0
1

explicit, we thus define a new free parameter, χ, calling it the ‘neutralino
mass parameter’, intending it to denote any guess we might have as to the
true neutralino mass mχ0

1
. Using it in place of mχ, we convert (7) into the

following definition of a new kinematic variable:

m2
T2(χ) ≡ min

/q(1)
T

+/q(2)
T

=/p
T

[

max
{

m2
T (pπ(1)

T , /q(1)
T ; χ), m2

T (pπ(2)

T , /q(2)
T ; χ)

}]

. (8)

The quantity defined in (8) is the Cambridge mT2 variable which is the
subject of this document.

Staying within the framework of this example, we can now go on to
describe some of the the desirable model-independent properties which mT2

possesses.

2.1 Properties of mT 2(χ).

Firstly, is worth noting that the mT2 variable is not strictly a ‘variable’, and
would more correctly be termed a ‘function’, as it retains a dependence on
the unknown parameter χ. Ideally, χ would ideally be set equal to the mass
of the missing heavy particle, but in most of the situations in which the
variable is likely to be used, the mass of the invisible object is unlikely to be
known, or may only be known with a large uncertainty. The χ dependence
remains, therefore. A more detailed discussion of how this can affects the
use of mT2 takes place in section 2.2.2.

2Though there may also be other unseen particles – see section 2.2.1.
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Firstly, is worth noting that the mT2 variable is not strictly a ‘variable’, and
would more correctly be termed a ‘function’, as it retains a dependence on
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We chose:

pTvis2=b1 pTvis1=b2and

vetos ttbar… 


more prob. HZ, Zbb
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Possible final states:
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NS = 2Nf (470)

A / GFE
2 (471)

E ⌧ M (472)

A / gE2/(E2 �M2
) (473)

⇠ E4

Z

m
d�C

⇠ E0

�bbH = ±0.44 (474)

�bbH = ±0.78 (475)

�ZZH = ±0.31 (476)

�ZZH = ±0.59 (477)

�WWH = ±0.24 (478)

�WWH = ±0.33 (479)

b¯b⌧+⌧� (480)

b¯b�� (481)

33

:
• Rate improvement

[Barr, Dolan, Englert, MS]

‘straightforward’


(without jet substructure)



 to obtain S/B ~ 1/5

Exclusion at 95% CL:

�WWH = ±0.33 (479)

b¯b⌧+⌧� (480)

b¯b�� (481)

� > �3000/fb
95% CL ' 3.0⇥ �SM (482)

34

• Though reconstruction of taus difficult

• Best strategy: - require boost (fatjet) + jet substructure
-  reject ttbar with mT2

• Plenty and sizable elw. backgrounds, e.g Zbb, HZ, WH, ttbar 

[Dolan, Englert, MS]
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¯bbW+W� (473)

33

• Fully reconstructable final state

BDT

• Triggering easy due to lepton

• But looks like ttbar…

[Papaefstathiou, Yang, Zurita]

with S=9 and B=6 after 600 ifb

For SM coupling
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33

[Baur, Plehn, Rainwater]
[Dolan, Englert, MS

[Papaefstathiou, Ferreira, MS]
• Difficult 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:
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• 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.

pT,j [GeV]

r
a
t
i
o

5004003002001000

10

1

full theory

e↵ective theory

pT,j [GeV]

d
�
/d

p T
,j

[
f
b
/G

e
V

]

5004003002001000

1

0.1

0.01

0.001

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.

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
have checked our phase space implementation for the

+ quark & gluon 
induced

More jets more fun
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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 choose mt = 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 bb̄W−W+ sample is generated inclusively, and is the
same sample used in the unboosted bb̄W−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 effective 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 effective 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 effective
theories is large (Fig. 5).
Given these shortcomings of the effective 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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retain sensitivity for boosted Higgs

Eff. theory breaks down quickly
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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 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 choose mt = 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 bb̄W−W+ sample is generated inclusively, and is the
same sample used in the unboosted bb̄W−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 effective 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 effective 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 effective
theories is large (Fig. 5).
Given these shortcomings of the effective 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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retain sensitivity for boosted Higgs

Eff. theory breaks down quickly
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ξ = 0 ξ = 1 ξ = 2 bb̄ττ bb̄ττ [ELW] bb̄W+W− ratio to ξ = 1

cross section before cuts 59.48 28.34 13.36 67.48 8.73 873000 3.2 · 10−5

reconstructed Higgs from τs 4.05 1.94 0.91 2.51 1.10 1507.99 1.9 · 10−3

fatjet cuts 2.27 1.09 0.65 1.29 0.84 223.21 4.8 · 10−3

kinematic Higgs reconstruction (mbb̄) 0.41 0.26 0.15 0.104 0.047 9.50 2.3 · 10−2

Higgs with double b-tag 0.148 0.095 0.053 0.028 0.020 0.15 0.48

TABLE III: Signal and background cross sections in fb for hh → bb̄τ+τ− for boosted kinematics. The Higgs self-coupling is
scaled in multiples of the Standard Model value λ = ξ × λSM, Eq. (4). The background comprises tt̄ with decays to t → bτντ ,
and bb̄τ+τ− for pure electroweak and mixed QCD-electroweak production, normalized to the respective NLO rates. The
bb̄W+W− NLO cross sections are provided in [28] (K ≃ 1.5), for the mixed and the purely electroweak contributions we infer
the corrections from Zbb̄ (K ≃ 1.4) and ZZ (K ≃ 1.6) production using Mcfm [40, 41].

ciency and can therefore increase the sensitivity of the
following searches [44].

1. hh → bb̄bb̄

As already pointed out, the Higgs bosons are natu-
rally boosted, and requiring two fatjets subject to BDRS
tagging [18] can improve the very bad S/B in the con-
ventional pp → b̄bb̄b+X search without losing too much
of the dihiggs signal cross section.

In the analysis, we veto events with light leptons
pT,l > 10 GeV in |y| < 2.5 to reduce tt̄, where the
leptons are again assumed isolated if ET,had < 0.1ET,l

within R < 0.3. We need to make sure that the events
we want to isolate pass the trigger level. For this reason,
we recombine final state hadrons to jets with R = 0.4 and
pT > 40 GeV and require at least four jets and the fol-
lowing staggered cuts: pT,j1 > 100 GeV, pT,j2 > 70 GeV,
pT,j3 > 50 GeV. All jets have to be within detector cov-
erage |y| < 4.5.

For the events that pass the trigger cuts, we apply
a “fatjet” analysis, i.e. require at least two jets with
pT,j > 150 GeV and R = 1.5 in the event. We apply
the BDRS approach to both of these fatjets using µcut =
0.66 and ycut = 0.09. The reconstructed Higgs jets need
to reproduce the Higgs mass within a 20 GeV window:
115 GeV ≤ mh ≤ 135 GeV, and we additionally require
that the two hardest filtered subjets are b-tagged.

We generate the backgrounds with exclusive cuts to
make our cut-analysis efficient, yet inclusive enough to
avoid a bias. More precisely we demand two pairs of b
quarks to obey Rbb < 1.5, pT (bb) ≥ 100 GeV, m(bb) ≥
50 GeV, while pT,b ≥ 20 GeV, and |yb| ≤ 2.5. The
(anti-)bs are generated with Rbb ≥ 0.2.

The results are collected in Tab. II. Again, while the
cuts allow an improvement in S/B by an nearly an order
of magnitude, we are still left with a small signal rate on
top of a very large background so that this channel is in
the end also not promising.

2. hh → bb̄τ+τ−

A promising channel is dihiggs production with one
Higgs decaying to a pair of τ leptons. This decay chan-
nel in association with two jets is one of the main search
channels for single light Higgs production [47, 48] and has
recently been used to put bounds on Higgs production
by Cms [49]. The reconstruction of τ leptons is delicate
from an experimental point of view, and current analysis
strategies mostly rely on semi-hadronic τ pair decays in
the context of Higgs searches (see e.g. Ref. [49]). The τ
identification is performed using likelihood methods [50]
which do not allow a straightforward interpretation in
terms of rectangular cuts used in e.g. Ref. [48]. Con-
sequently, with likelihood τ taggers unavailable to the
public, a reliable and realistic estimate is hard to obtain.
For this reason, we choose a τ reconstruction efficiency of
80% with a negligible fake rate. This is not too optimistic
in the light of the likelihood approaches of Ref. [50], bear-
ing in mind that our analyses are based on end-of-lifetime
luminosities, for which we may expect a significant im-
proved τ reconstruction when data is 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. [49] CMS quotes
a O(20%) of the reconstructed Higgs mass).

In more detail, we require two τ jets with pT ≥ 20 GeV,
reproducing the Higgs mass within 50 GeV, mττ = mh±
25 GeV. Then we use the C/A 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 sufficiently isolated from the τs. 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 efficiency of 70% and a fake
rate of 1% following Ref. [51].

We generate the bb̄ττ and pure electroweak bb̄ττ back-
grounds with exclusive cuts to make our cut-analysis rea-
sonably efficient , yet inclusive enough to avoid a bias.
More precisely we demand the two b quarks to obey
Rbb < 1.5, pT (bb, ττ) ≥ 100 GeV, m(bb, ττ) ≥ 50 GeV,
while pT,b,τ ≥ 20 GeV, and |yb,τ | ≤ 2.5. The bs and
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ξ = 0 ξ = 1 ξ = 2 bb̄τ+τ−j bb̄τ+τ−j [ELW] tt̄j ratio to ξ = 1

cross section before cuts 6.45 3.24 1.81 66.0 1.67 106.7 1.9 · 10−2

2 τs 0.44 0.22 0.12 37.0 0.94 7.44 4.8 · 10−3

Higgs rec. from taus + fatjet cuts 0.29 0.16 0.10 2.00 0.150 0.947 5.1 · 10−2

kinematic Higgs rec. 0.07 0.04 0.02 0.042 0.018 0.093 0.26

2b + hh invariant mass + pT,j cut 0.010 0.006 0.004 <0.0001 0.0022 0.0014 1.54

TABLE V: Signal and background cross sections in fb for hh+ j → bb̄τ+τ−+ j for boosted kinematics. The Higgs self-coupling
is scaled in multiples of the Standard Model value λ = ξ × λSM, Eq. (4). The QCD corrections to tt̄ + j have been discussed
in Ref. [56] (K ≃ 1.1). For the pure electroweak production we take the results of [52] as a reference value (K ≃ 1.3). The
corrections to mixed production are unknown and we conservatively use a total inclusive QCD correction K = 2.

2. hhj → bb̄τ+τ−j

We follow closely the steps described in Sec. IID 2 and
Sec. III B 1.

We generate the backgrounds with the following
parton-level cuts to have a reasonably efficient analy-
sis, yet inclusive enough to avoid a bias. We require
pT (bb̄, ττ) ≥ 100 GeV and m(bb, ττ) ≥ 90 GeV (100 GeV
in case of tt̄+ j), while |yb,τ | ≤ 2.5 and pT,b,τ ≥ 20 GeV.
The bs and τs are separated by Rbb,ττ ≥ 0.2. The addi-
tional jet is generated with pT ≥ 80 GeV in |yj | ≤ 4.5
and is separated from the bs by ∆R ≥ 0.7. Signal events
are generated with pT,j ≥ 80 GeV.

We require exactly two τ jets in an event in |yτ | < 2.5
with pT ≥ 20 GeV and assume an identification efficiency
of 80% each. The τs have to reconstruct to an invariant
mass of mh±25 GeV. Then we use the C/A algorithm to
reconstruct fatjets with R = 1.5 and pT,j > 150 GeV and
require at least 1 fatjet in the event which is sufficiently
isolated from the τs. Then we apply the Higgs tagger
described in Sec. IID and require the reconstructed Higgs
jet have a mass of mh±10 GeV and pT,H > 150 GeV. To
suppress the large tt̄ background we reject events where
the invariant mass of the two reconstructed Higgs bosons
is below 400 GeV. After removing the constituents of
the reconstructed Higgs bosons from the final state we
cluster the remaining final state constituents using the
anti-kT algorithm R = 0.4 and pT,j > 30 GeV. Finally,
we require at least one jet with pT > 100 GeV.

We find that these cuts can suppress the backgrounds
confidently as long as the τ fake rate is sufficiently small.
Due the large invariant mass of the final state, several
high-pT jets and possibly leptons from the τ decays we
expect that these events can be triggered on easily. The
full analysis flow can be found in Tab. V. The initial
background contributions are significantly lower, as this
final state does not have a dominant purely QCD-induced
component. In total we end up with an estimate on
S/B ≃ 1.5. This means that with a target luminosity
of 1000 fb−1, constraints can be put on λ in this channel.

IV. SUMMARY

We have studied the prospects to constrain the trilinear
Higgs coupling by direct measurements at the LHC in
several channels, focussing on mh = 125 GeV. This is
also the mass region which is preferred by electroweak
precision data, and where we currently observe excesses
in data both at the LHC and the Tevatron. Depending on
the particular decay channel, we find a promising signal-
to-background ratio at the price of a very small event
rate.

Higgs self-coupling measurements for a SM Higgs in
this particular mass range are typically afflicted with
large backgrounds, so that achieving maximal sensitivity
requires the combination of as many channels as possi-
ble. For dedicated selection cuts we obtain signal cross
sections in Higgs pair production of the order of 0.01 to
0.1 fb and measurements will therefore involve large data
sets of the 14 TeV run with a good understanding of the
involved experimental systematics.

Searches for unboosted kinematics of the Higgs bosons
do not allow any constraint on the trilinear coupling or
total cross-section to be made. However, requiring the
two Higgses to be boosted and applying subjet methods
to boosted pp → hh+X and pp → hh+j+X production,
we find a sensitive S/B particularly for final states involv-
ing decays into τs. A necessary condition for sensitivity
in these channels is a sufficiently good τ reconstruction,
but more importantly, a small fake rate. Unfortunately,
while boosting the Higgses increases S/B, it leads us into
a region of phase space which lacks sensitivity to the tri-
linear coupling.

In addition to inclusive dihiggs production we find that
dihiggs production in association with a hard jet shows
an improved sensitivity to the trilinear Higgs coupling.
However to exploit this scenario still requires the use of
boosted techniques which require thorough evaluation on
data.

Assuming the efficiency for τ -tagging and the hadronic
Higgs reconstruction as outlined in this work are con-
firmed using data, the bb̄τ+τ− and bb̄τ+τ− + j channels
can be used to constrain the Higgs self-coupling in the
SM at the LHC with a data set of several hundred in-
verse femtobarns. The analysis strategies developed in
this paper will also help to improve bounds on dihiggs

• Additional jet ameliorates         suppression
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• But cross section very small
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4

Signal with ξ × λ Background S/B

ξ = 0 ξ = 1 ξ = 2 tt̄jj Other BG ratio to ξ = 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 ζ × {gWWhh, gZZhh} Background

ζ = 0 ζ = 1 ζ = 2 tt̄jj 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 described in the text, including results with modified Higgs trilinear
and V V †hh couplings. Signal cross sections already include the branching ratios to the h → bb̄, τ+τ− final 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 find a set of selection cuts for which effec-
tive theory and full calculation agree at the cross section
level. Such an agreement, however, is purely accidental
as it trades off a suppression against an excess in two
distinct phase space regions. An effective field 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
final state using FastJet [49] with R = 0.4 and pT ≥
25 GeV and |ηj | ≤ 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 → τ+τ− reconstruction, we assume
a perfect efficiency 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
efficiencies 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 affect in similar fashion. We remind the reader that
no additional requirements on missing energy or mT2 are
imposed, which are known to reconcile a smaller τ effi-

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
“tagging jets” of the hhjj event.

Results. The cut flow of the outlined analysis can be
found in Tab. I. There we also include analyses of sig-
nal samples with changed trilinear and V V †hh couplings.
The latter modifications 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 modification 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 ζ ̸= 1 (such an issue is not present for
ξ ̸= 1 even though the electroweak sector is ill-defined).
The energy dependence of the matrix element is effec-
tively cut-off 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, the hhjj analysis in the

bb̄τ+τ−jj channel will be challenging. However, we re-
mind the reader that no additional selection criteria have
been employed that are known to improve S/B in “or-
dinary” hh → bb̄τ+τ− 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 insufficient 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 final state analysis of Ref. [15] to a lower pT two-
jet category: On the one hand, the signal cross section re-
mains large by focussing on the hh → bb̄τ+τ− final 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 effect of modified Higgs
trilinear coupling. The GF event generation employs the
FeynRules/Ufo [30] tool chain to implement the higher
dimensional operators relevant for GF-induced hhjj pro-
duction in themt → ∞ limit. We pass the events toHer-
wig++ [31] for showering and hadronisation. For back-
ground samples we use Sherpa [32] and MadEvent v5,
considering tth, tt̄jj, ZWWjj, ZHjj and ZZjj. As
in the hh and hhj cases the dominant background is
due to tt̄. We normalise the background samples using
NLO K-factors, namely 0.611 pb for tth [33], 300.5 pb
for tt̄jj [34]. We adopt the a total flat K factor of 1.2
for Zh + 2j 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 deficiencies 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 effects of finite 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 using QGRAF [38]
and FORM [39] for the diagram generation, and Spin-
ney [40], Haggies [41] and FORM to write an optimised
fortran output. The reduction of the one-loop amplitudes
was done using Samurai [42], which uses a d-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 matrix
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 effective with full
theory. For inclusive hhjj production we find 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 effective 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 effective theory to be in reasonably good shape.
It is precisely the competing and mt-dependent contri-
butions alluded to earlier which are not reflected in the
effective theory causing this deviation. When the effec-
tive operators are probed at larger momentum transfers
(and the massive quark loops are resolved in the full the-
ory calculation), the effective theory overestimates the
gluon fusion contribution by an order of magnitude.∥
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FIG. 1: max pT,h distribution and effective 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 |ηj | < 4.5).

∥A dedicated comparison of the full matrix element with the effec-

So far very rudimentary analysis:

Very bad S/B, but can be improved a lot…
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• For kinematic distributions full loop  
recommended

• Test for long. gauge boson scattering

• Gluon fusion dominating over WBF
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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.
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New Physics in HH

Resonant enhancement
Assuming decoupling limit such that 
MH > 2 Mh and BR(H->hh) = 45%

• SUSY, H -> hh

• E-dim, G -> hh -> 4b
see [Gouzevitch et al. 1303.6636]

• Higgs portal
see [No, Ramsey-Musolf 1310.6035]
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[Dolan, Englert, MS 1210.8166]
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Measurement of rel. CS and
translates directly to measurement of 

and

see also [Chen et 
al. 1312.7212]

CMS-PAS-HIG-13-032

(same in Higgs portal type of models)
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Continuous/Loop enhancement
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FIG. 10: Comparison of composite di-Higgs production pT,H

spectra with the SM for ξ = 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 find agreement with
the enhanced cross sections as reported in Ref. [69],
σ(hh)/σSM(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 modified trilinear interactions. Hence, it is
difficult to comment on quantitative similarities of the
composite Higgs phenomenology for different 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 flavor bounds, the inclu-
sive pp → hh + X composite phenomenology will be
dominated by modifications with respect to the SM at
medium pT,h ≃ 100 GeV. This phase space region is
mostly sensitive to modifications of the tth coupling and
the modified 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 protons’ 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 find an even larger enhancement of leading order

pp → hh + jet production cross section, with pT,j ≥
80 GeV

σ(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 σSM = 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 continuum hh
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 effect is also visible in the NLO pre-
dictions of pp → hh+X in composite models employing
the effective theory approximation [73].

Summary:

The composite Higgs scenario is a well-motivated
model of electroweak symmetry breaking that is consis-
tent with current flavor 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 for hh + jet final
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
mechanism sui generis is 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 field theory approach∥ we
have picked well-motivated examples of realistic BSM
(scalar) sectors, supplemented by the required fermionic

∥See Ref. [74] for related discussions.

• Composite Higgs

• 4th generation

• Other theories modifying

see [Kribs, Plehn, Tait, MS 0706.3718]
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or

Usually high-pT region 
enhanced over SM
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A portal to the Higgs width?
New idea how to constrain Higgs width at hadron colliders:

[Caola, Melnikov PRD 88]
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• use in on-peak relation to measure width 
after fixing signal strength

using angular correlations of 4l decay products

CMS Measurement
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Limitations and Opportunities of O↵-Shell Coupling Measurements

Christoph Englert1, ⇤ and Michael Spannowsky2, †

1SUPA, School of Physics and Astronomy,University of Glasgow,
Glasgow, G12 8QQ, United Kingdom

2Institute for Particle Physics Phenomenology, Department of Physics,
Durham University, DH1 3LE, United Kingdom

Indirect constraints on the total Higgs width �h from correlating Higgs signal strengths with cross
section measurements in the o↵-shell region for p(g)p(g)! 4` production have received considerable
attention recently, and the CMS collaboration have published a first measurement. We revisit this
analysis from a new physics and unitarity constraints perspective and conclude that limits on �h

obtained in this fashion are not reliable unless we make model-specific assumptions, which cannot
be justified at the current stage of the LHC programme. Relaxing the �h interpretation, we discuss
the merits of high invariant mass cross section measurements in the context of Higgs CP analyses,
higher dimensional operator testing, and resolved new physics in the light of electroweak precision
constraints beyond e↵ective theory limitations.

I. INTRODUCTION

After the 2012 discovery [1, 2], the ATLAS and CMS
collaborations have scrutinized the SM interpretation of
the Higgs candidate within the boundaries of the cur-
rently available data. A strong resemblance of the par-
ticle’s properties with the SM Higgs expectation has
emerged: it is likely to be a CP even scalar boson and its
“signal strengths”

µ
i,j

= �
h,i

⇥ BR
j

⇠ �
i

�
j

�
h

(1)

are in good agreement with the SM Higgs boson. i, j in
Eq. (1) refer to the di↵erent Higgs production and decay
modes that have been observed so far. For fully inclusive
measurements they can be related to the partial decay
widths {�

i

}. “Higgsistence” has mainly been established
from gluon fusion, the largest Higgs production mecha-
nism in the SM.

The apparent agreement of the measured quantities of
Eq. (1) with the SM predictions highlights the question
wether the discovered particle is indeed the Higgs boson
as predicted by the SM.

On the one hand, unitarity largely constrains the
bare couplings of massive fermions and gauge bosons to
CP even Higgs boson(s) in the SM. If the absolute val-
ues of the Higgs candidate’s couplings are close to the
SM predictions, there will be little room left for resonant
physics beyond the SM in e.g. the weak boson fusion
channel, which is a direct probe of longitudinal gauge
boson scattering.

On the other hand, absolute values of couplings are
di�cult to infer at hadron colliders since signal strength
measurements involve non-linear relations among the
couplings and � ⇥ BR phenomenology leaves the total

⇤
Electronic address: christoph.englert@glasgow.ac.uk

†
Electronic address: michael.spannowsky@durham.ac.uk

Higgs width as a flat direction in coupling fits. This is
usually overcome by making assumptions about the to-
tal Higgs width in these fits [3], or, alternatively, about
the maximum coupling value of the Higgs candidate to
gauge bosons [4] which is determined by the Higgs’ gauge
representation. The biases that are introduced in either
of these approaches are far from being well-motivated at
the current stage.

Assuming �
h

' �SM
h

' 4 MeV skews coupling fits
towards a parameter region that is oblivious of the
Higgs bosons’ potential interplay with dark matter phe-
nomenology [5] and other phenomena that can be intro-
duced via well-motivated portal-type interactions [6, 7].

Assumptions about the Higgs SU(2)
L

representation
are usually limited to the 2’s due to the (accidental) cus-
todial isopin symmetry that preserves T ' 1 in (multi-)
Higgs doublet models. However, it is known that both
current signal strength measurements and electroweak
precision constraints can be accounted for in models
with non-doublet Higgs fields [8] and the complement-
ing searches for Higgs exotics [9] necessary to rule out
such an option are not available yet.

Obviously, a model-independent constraint on �
h

(or
BR(invisible) if a particular model leaves production
modes unaltered) has a huge impact on BSM physics.1
Hence, it is not surprising that the recent proposal by
Caola and Melnikov [11] that interprets o↵-shell cross
section measurements of pp ! 4` [12] as a probe of �

h

has received considerable attention [13, 14].2 Just re-
cently CMS have presented first results [17] using this
strategy, claiming �

h

< 4.2 ⇥ �SM
h

at 95% confidence
level by injecting a global Higgs signal strength µ ' 1.
The strategy is sketched in Fig. 1; and we give a quick

1
See e.g. Ref. [5] for a discussion of the invisible branching ratio

measurements, e.g. [10], in relation with dark matter phenomenol-

ogy.

2
Similar strategies [15] have been proposed for h! �� [16].
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[Englert, MS] (submitted)
1. Is measurement well defined?

modifying couplings violates unitarity 
of fermion-gauge interactions

while CMS test-hypotheses 
certainly ill-defined


not killer at accessible energies
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2. But how model independent is constraint?

We have seen SM on-shell and off-shell region intimately related by 
unitarity requirements for fermion-gauge interactions

Direct correlation of on-shell             and off-shell
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FIG. 1: Constraining the total Higgs width by
fixing the signal strength (on-shell region) and
measuring the cross section at large invariant ZZ
masses, keeping couplings in the on-shell and Higgs
o↵-shell region fixed. Distributions are leading or-
der, while keeping all quarks dynamical and the
bottom and top quarks massive. We have chosen
a minimal cut set pT (`) � 10 GeV, |y(`)|  2.5,
�R(``0) � 0.4.

outline to make this work self-contained (for additional
details see [11, 14, 17]):

As long as the narrow width approximation is appli-
cable, the cross section for the process p(g)p(g) ! h !
ZZ⇤ ! 4` in the the Higgs on-shell region scales as3

�
h,g

⇥ BR(H ! ZZ ! 4`) ⇠ g2
ggh

g2
hZZ

�
h

, (2)

where we denote the relevant couplings by g
X

. The
dominant Feynman diagram in this phase space region
is the triangle of Fig. 2, the continuum contribution from
gg ! ZZ⇤ is highly suppressed and interference is negli-
gible [12].

Since the Higgs width is anticipated to be a small pa-
rameter compared to the Higgs mass �
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⇠ 10�4, we
can expand the Higgs Breit-Wigner propagator D(s) =
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which shows that the Higgs width parameter rapidly de-
couples from the scattering process for Higgs o↵-shell pro-
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We mainly focus on the final state e+e�µ+µ� in the following.

Generalizing our results to full leptonic ZZ decays is straightfor-

ward due to negligible identical fermion interference.

duction. Therefore, the contribution from the triangle di-
agrams in Fig. 2 (neglecting interference for the moment)
scales as
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Now, if there is a direct correspondence between g
i

(m
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)
and g

i

(
p

s), measuring the signal strength µ in the o↵-
shell and on-shell regions simultaneously allows to set a
limit on the width of the Higgs boson �

h

. More explicitly,
for �
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> �SM
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, we need to have g2
ggh

g2
hZZ

> (g2
ggh

g2
hZZ

)SM

to keep µ = µSM fixed, which in turn implies �
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> �SM
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.
Fig. 1 validates this line of thought and qualitatively re-
flects the CMS analysis.

But how general is this approach, or put di↵erently,
how solid is a limit on �

h

obtained this way once we in-
clude unknown new physics e↵ects? And let aside the in-
terpretation in terms of a constraint on the Higgs width,
what are the more general ramifications of a measure-
ment of the gluon-fusion ZZ and WW cross section away
from the Higgs mass peak?

It is the purpose of this letter to address these ques-
tions from a new physics perspective with a particular
emphasis on probability conservation. First we interpret
the outlined Higgs width measurement from a unitarity
perspective, which paves the way to the formulation of a
simple and transparent BSM counterexample. We anal-
yse the interplay of new resolved physics contributions
to gg ! V V ⇤ to both Higgs and continuum ZZ, WW
production in light of electroweak precision constraints
and finally point out that, enforcing µ ' µSM the o↵-
shell measurement provides additional statistical pull to
constrain the Higgs’ CP nature in the presence of higher
dimensional operators (unresolved new physics).

As we will see, in order to gain qualitative control of
new physics e↵ects in the Higgs o↵-shell region we can-
not rely on e↵ective theory calculations for the SM spec-
trum. We consequently keep all quarks dynamical and
include finite mass e↵ects of the bottom and top quarks.
Our work therefore extends beyond the assumptions of
Ref. [18] which has discussed the impact of new operators
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FIG. 6: New Feynman diagram topologies to Higgs produc-
tion via gluon fusion arising from Eq. (5).

production due to the interaction �v|�|2h, as shown in
Fig. 6. The physical mass m2

�

= m̃2
�

+ �v2 is essentially
a free parameter m2

�

> 0.
The new contribution gives an additional and poten-

tially large constructive or destructive contribution to
gg ! h, depending on the sign and size of � [31]. To
enforce SM-like signal strengths µ ' 1 we need to in-
troduce a compensating contribution to the Higgs width
(this could be interpreted as a Higgs-portal dark matter
realization) and we have �

h

> �SM
h

.
Due to the scalar and electroweak singlet nature of the

new fields we only change the triangle Higgs production
contribution while leaving the box gg ! ZZ contribu-
tions unaltered. Note, for this particle there is no unitar-
ity relation between the boxes and triangles. We show
the individual contributions of the scalar color triplet in
Fig. 3, which allows to compare their behaviour with the
SM contributions. The scalar loops can easily be sup-
pressed by two orders of magnitude, leaving absolute and
interference contributions to the total hadronic cross sec-
tion small for energetic events. This behaviour is qual-
itatively known from supersymmetric scenarios [32] but
has also been discussed in non-supersymmetric models
[30, 31]; e↵ectively we have achieved a decorrelation of
g

ggh

(m
h

) and g
ggh

(m(ZZ) > m
h

), and the measurement
can no longer be interpreted as a Higgs width constraint.

To qualitatively understand why the scalars are sup-
pressed at large invariant masses, let us consider the ratio
of the o↵-shell gg ! h subamplitudes for scalars and tops
(assuming m

�

= m
t

= y
t

v/
p

2, � = y
t

for simplicity):

y
t

M
�

M
t

=
1 + 2m2

t

C0(s, mt

)
(s� 4m2

t

)C0(s, mt

)� 2
, (6)

where C0(s, m2
t

) denotes the characteristic scalar three-
point function following the Passarino-Veltman reduc-
tion [33]. The �-induced amplitude is suppressed ⇠ s�1,
leading to a dominant behaviour of the top loops at large
momenta. This means that, even though we have a mod-
ified Higgs phenomenology at around m

h

' 125 GeV it
is exactly the decoupling of the Higgs width according to
Eq. (3) which renders the high invariant mass measure-
ment insensitive to modifications of �

h

.
There is an interesting possibility when we consider

larger � masses and larger couplings �. For invariant
masses s2 � 4m2

�

we can have a sizeable constructive
interference of the � diagrams with the top loops and as a

m� µ (h peak) �h/�SM
h �/�SM [m(4`) � 330 GeV]a

70 GeV ' 1.0 ' 5 �2%

170 GeV ' 1.0 ' 4.7 +80%

170 GeV ' 1.0 ' 1.7 +6%
a
We impose the cut set used by CMS [17] without the Mela

cut [34].

TABLE I: Results for a single triplet scalar (5) giving the
correlation between µ, �h/�SM

h and high invariant mass cross
section � for the CMS selection cuts.

result the cross section for large m(4`) rises again and we
recover the qualitative behaviour of Ref. [11]. For these
parameter choices, however, we find that the excess is
smaller than expected for rescalings of g

ggh

g
ZZh

to keep
µ ' 1, Tab. I. Similar e↵ects show up for light spectra
m

�

<⇠ 2m
t

, where this interference in destructive and the
high invariant mass search region has a slightly smaller
cross section although �

h

/�SM
h

� 1, outside the current
CMS exclusion.

In total, it is well possible to achieve �
h

� �SM
h

with-
out modifying the high invariant mass regime of pp! 4`
and without running into unitarity issues as mentioned
above. If such a contribution can be present the Higgs
width is an essentially unconstrained parameter, at least
for a measurement as outlined in [11, 17].

Even though Eq. (5) is a toy model to demonstrate
the limitations of total Higgs width measurements in
the gg ! 4` channel, color triplets of this form appear
in any supersymmetric BSM scenario and our argument
has a broad validity, see e.g. [32, 36] for a discussion of
squark contributions to Higgs production from gluon fu-
sion in the MSSM. If the extra scalars are charged under
flavour, e.g. they are top partners, exclusion will remain
di�cult [37] for the SUSY chimney regions (note, there
are two chimney regions where one can hide 170 GeV
and 70 GeV scalars). Despite being color charged, they
could exist as stable particles on collider lifetimes when
SUSY is relaxed [38]. Quite naturally, details quickly
become highly model-dependent. By fixing m

�

we can
map �

h

= 4.2⇥�SM
h

onto � and obtain �/�SM in Tab. I.
It is important to note that new physics becomes less
constrained as constraints of �

h

following [17] become
stringent.

Even though we have limited our discussion to ZZ !
4`, the findings of this sections straightforwardly gener-
alize to ZZ ! 2`2⌫ and WW .

2. BSM contributions to continuum ZZ and WW
production

Our previous example shows that new contributions
to gg ! h can significantly loosen the bounds on the
Higgs width interpretation. In a similar fashion we can
imagine a situation where �

h

6= �SM
h

and the correla-
tion of Eq. (2) and (4) is changed by new contributions
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tt̄ ! ZZ cross section: The s channel Yukawa cou-
plings of t̄

L

t
R

h+h.c. conspire via a coupling relation with
the weak gauge interactions g

L

t̄
L

/Zt
L

+ g
R

t̄
R

/Zt
R

when
�t,�u ⇠ s. A simple rescaling of one part of the ampli-
tude is tantamount to unitarity violation in the Fermion-
gauge interactions. This leaves a crucial question of the
limit obtained in [17]: Is the theory underlying the width
constraint well defined?

The alert reader might object at this stage that such
a question, in fact, is also well-motivated for Higgs
couplings measurements as performed by ATLAS and
CMS [27] when Higgs couplings are varied independently
throughout the SM Lagrangian. This is certainly true
if one would like to understand deviations from an elec-
troweak precision point of view. However, the situation
for Higgs � ⇥ BR phenomenology is fundamentally dif-
ferent. The relevant scale at which couplings are eval-
uated is the Higgs mass and � ⇥ BR phenomenology is
manifestly free of UV problems to leading order in the
electroweak perturbative series expansion.4 This needs
to be contrasted with an o↵-shell measurement that in-
tegrates over an invariant-mass region 2m

t

<⇠ m(4`) 
1.6 TeV [17].

To address this question quantitatively, we show the
zeroth partial wave projection as a function of the par-
tonic center of mass energy in Fig. 5. Unitarity is violated
when a0 > 0.5 [29], and to contextualize our gg ! ZZ
findings with the SM Higgs sector we also show curves
for SM W

L

W
L

scattering that violates unitarity at low
scales if the Higgs contribution is neglected.

Indeed, the gg ! Z
L

Z
L

scattering is sensitive to the
coupling rescaling as can be seen from Fig. 5, however the

4
This will dramatically change when the measurements of di↵er-

ential weak boson fusion distributions will be scrutinized at high

precision [28].

partial wave does not get close to 0.5. The amplitude is
su�ciently diluted by loop factors 16⇡2 ⇠ 160. Once this
factor is resolved the unitarity bound becomes relevant.
This, however, corresponds to a regime where the narrow
width approximation is violated entirely.

Although the limit in this channels is not a✏icted with
probability non-conservation, it should be clear that the
invoked rescaling leads to an ill-defined electroweak sec-
tor as demonstrated in Fig. 4, the triangle and box con-
tributions remain intimately related. If high invariant
mass measurements in the gg ! ZZ channel yield a
statistically significant increase over the SM, the inter-
pretation in terms of a modified Higgs width becomes
model-dependent.

III. DECORRELATING ON-SHELL AND
OFF-SHELL MEASUREMENTS IN BSM

THEORIES

1. BSM contributions to Higgs production

The interplay in the absorptive parts of gg ! ZZ
linked by unitarity in the high invariant mass regime and
non-decoupling of top loops tells us that the limit setting
procedure outlined in the introduction is based on a con-
sistency argument for the electroweak sector and is very
specific to masses that are generated through chirality-
changing interactions. This paves the way to construct a
straightforward counterexample of the Higgs width mea-
surement as outlined above.

Consider �, a scalar 3 under SU(3)
C

, coupled to the
Higgs sector via portal interactions (see, e.g., Ref. [30])

L
�

= |D
µ

�|2 � m̃2
�

|�|2 � �|�|2|H |2 + . . . . (5)

When the Higgs field obtains its vacuum expectation
value v, the field � induces a contribution to single-Higgs

where
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The alert reader might object at this stage that such
a question, in fact, is also well-motivated for Higgs
couplings measurements as performed by ATLAS and
CMS [27] when Higgs couplings are varied independently
throughout the SM Lagrangian. This is certainly true
if one would like to understand deviations from an elec-
troweak precision point of view. However, the situation
for Higgs � ⇥ BR phenomenology is fundamentally dif-
ferent. The relevant scale at which couplings are eval-
uated is the Higgs mass and � ⇥ BR phenomenology is
manifestly free of UV problems to leading order in the
electroweak perturbative series expansion.4 This needs
to be contrasted with an o↵-shell measurement that in-
tegrates over an invariant-mass region 2m
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1.6 TeV [17].

To address this question quantitatively, we show the
zeroth partial wave projection as a function of the par-
tonic center of mass energy in Fig. 5. Unitarity is violated
when a0 > 0.5 [29], and to contextualize our gg ! ZZ
findings with the SM Higgs sector we also show curves
for SM W
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scattering that violates unitarity at low
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scattering is sensitive to the
coupling rescaling as can be seen from Fig. 5, however the
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partial wave does not get close to 0.5. The amplitude is
su�ciently diluted by loop factors 16⇡2 ⇠ 160. Once this
factor is resolved the unitarity bound becomes relevant.
This, however, corresponds to a regime where the narrow
width approximation is violated entirely.

Although the limit in this channels is not a✏icted with
probability non-conservation, it should be clear that the
invoked rescaling leads to an ill-defined electroweak sec-
tor as demonstrated in Fig. 4, the triangle and box con-
tributions remain intimately related. If high invariant
mass measurements in the gg ! ZZ channel yield a
statistically significant increase over the SM, the inter-
pretation in terms of a modified Higgs width becomes
model-dependent.

III. DECORRELATING ON-SHELL AND
OFF-SHELL MEASUREMENTS IN BSM

THEORIES

1. BSM contributions to Higgs production

The interplay in the absorptive parts of gg ! ZZ
linked by unitarity in the high invariant mass regime and
non-decoupling of top loops tells us that the limit setting
procedure outlined in the introduction is based on a con-
sistency argument for the electroweak sector and is very
specific to masses that are generated through chirality-
changing interactions. This paves the way to construct a
straightforward counterexample of the Higgs width mea-
surement as outlined above.

Consider �, a scalar 3 under SU(3)
C

, coupled to the
Higgs sector via portal interactions (see, e.g., Ref. [30])
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When the Higgs field obtains its vacuum expectation
value v, the field � induces a contribution to single-Higgs
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FIG. 5: Zeroth partial wave projection for gg ! ZLZL for the SM and various values of the ggghgZZh-rescaling as a consequence
of µ = 1 and �h > �SM

h . We also show the partial wave projection for longitudinal WW scattering in the SM with and without
Higgs to put gg ! ZZ into context.
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FIG. 6: New Feynman diagram topologies to Higgs produc-
tion via gluon fusion arising from Eq. (5).

production due to the interaction �v|�|2h, as shown in
Fig. 6. The physical mass m2

�

= m̃2
�

+ �v2 is essentially
a free parameter m2

�

> 0.
The new contribution gives an additional and poten-

tially large constructive or destructive contribution to
gg ! h, depending on the sign and size of � [31]. To
enforce SM-like signal strengths µ ' 1 we need to in-
troduce a compensating contribution to the Higgs width
(this could be interpreted as a Higgs-portal dark matter
realization) and we have �

h

> �SM
h

.
Due to the scalar and electroweak singlet nature of the

new fields we only change the triangle Higgs production
contribution while leaving the box gg ! ZZ contribu-
tions unaltered. Note, for this particle there is no unitar-
ity relation between the boxes and triangles. We show
the individual contributions of the scalar color triplet in
Fig. 3, which allows to compare their behaviour with the
SM contributions. The scalar loops can easily be sup-
pressed by two orders of magnitude, leaving absolute and
interference contributions to the total hadronic cross sec-
tion small for energetic events. This behaviour is qual-
itatively known from supersymmetric scenarios [32] but
has also been discussed in non-supersymmetric models
[30, 31]; e↵ectively we have achieved a decorrelation of
g

ggh

(m
h

) and g
ggh

(m(ZZ) > m
h

), and the measurement
can no longer be interpreted as a Higgs width constraint.

To qualitatively understand why the scalars are sup-
pressed at large invariant masses, let us consider the ratio
of the o↵-shell gg ! h subamplitudes for scalars and tops
(assuming m

�

= m
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v/
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for simplicity):
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where C0(s, m2
t

) denotes the characteristic scalar three-
point function following the Passarino-Veltman reduc-
tion [33]. The �-induced amplitude is suppressed ⇠ s�1,
leading to a dominant behaviour of the top loops at large
momenta. This means that, even though we have a mod-
ified Higgs phenomenology at around m

h

' 125 GeV it
is exactly the decoupling of the Higgs width according to
Eq. (3) which renders the high invariant mass measure-
ment insensitive to modifications of �

h

.
There is an interesting possibility when we consider

larger � masses and larger couplings �. For invariant
masses s2 � 4m2

�

we can have a sizeable constructive
interference of the � diagrams with the top loops and as a

m� µ (h peak) �h/�SM
h �/�SM [m(4`) � 330 GeV]a

70 GeV ' 1.0 ' 5 �2%

170 GeV ' 1.0 ' 4.7 +80%

170 GeV ' 1.0 ' 1.7 +6%
a
We impose the cut set used by CMS [17] without the Mela

cut [34].

TABLE I: Results for a single triplet scalar (5) giving the
correlation between µ, �h/�SM

h and high invariant mass cross
section � for the CMS selection cuts.

result the cross section for large m(4`) rises again and we
recover the qualitative behaviour of Ref. [11]. For these
parameter choices, however, we find that the excess is
smaller than expected for rescalings of g

ggh

g
ZZh

to keep
µ ' 1, Tab. I. Similar e↵ects show up for light spectra
m

�

<⇠ 2m
t

, where this interference in destructive and the
high invariant mass search region has a slightly smaller
cross section although �

h

/�SM
h

� 1, outside the current
CMS exclusion.

In total, it is well possible to achieve �
h

� �SM
h

with-
out modifying the high invariant mass regime of pp! 4`
and without running into unitarity issues as mentioned
above. If such a contribution can be present the Higgs
width is an essentially unconstrained parameter, at least
for a measurement as outlined in [11, 17].

Even though Eq. (5) is a toy model to demonstrate
the limitations of total Higgs width measurements in
the gg ! 4` channel, color triplets of this form appear
in any supersymmetric BSM scenario and our argument
has a broad validity, see e.g. [32, 36] for a discussion of
squark contributions to Higgs production from gluon fu-
sion in the MSSM. If the extra scalars are charged under
flavour, e.g. they are top partners, exclusion will remain
di�cult [37] for the SUSY chimney regions (note, there
are two chimney regions where one can hide 170 GeV
and 70 GeV scalars). Despite being color charged, they
could exist as stable particles on collider lifetimes when
SUSY is relaxed [38]. Quite naturally, details quickly
become highly model-dependent. By fixing m

�

we can
map �

h

= 4.2⇥�SM
h

onto � and obtain �/�SM in Tab. I.
It is important to note that new physics becomes less
constrained as constraints of �

h

following [17] become
stringent.

Even though we have limited our discussion to ZZ !
4`, the findings of this sections straightforwardly gener-
alize to ZZ ! 2`2⌫ and WW .

2. BSM contributions to continuum ZZ and WW
production

Our previous example shows that new contributions
to gg ! h can significantly loosen the bounds on the
Higgs width interpretation. In a similar fashion we can
imagine a situation where �

h

6= �SM
h

and the correla-
tion of Eq. (2) and (4) is changed by new contributions

pi + pj (177)

ZZ�/WW� (178)

S/B ' 1/9 (179)

S/
p
B ' 2.2 (180)

30 fb�1 (181)

�NLO = 702 fb (182)

pT,j � 200 GeV (183)

pT,l � 15 GeV (184)

t¯tb¯b (185)

t¯tjbj¯b (186)

Wjj (187)

t¯tz (188)

⌧ 0.1 fb (189)

m2

T (190)

m2

T + p2T (191)

60 fb�1 (192)

⇢X,Y =

E[(X � E[X])(Y � E[Y ])]

�x�y
(193)

gggh(mh) > gggh,SM (194)

13

pi + pj (177)

ZZ�/WW� (178)

S/B ' 1/9 (179)

S/
p
B ' 2.2 (180)

30 fb�1 (181)

�NLO = 702 fb (182)

pT,j � 200 GeV (183)

pT,l � 15 GeV (184)

t¯tb¯b (185)

t¯tjbj¯b (186)

Wjj (187)

t¯tz (188)

⌧ 0.1 fb (189)

m2

T (190)

m2

T + p2T (191)

60 fb�1 (192)

⇢X,Y =

E[(X � E[X])(Y � E[Y ])]

�x�y
(193)

gggh(mh) > gggh,SM (194)

� > �

SM

(195)

13

⇢X,Y =

E[(X � E[X])(Y � E[Y ])]

�x�y
(193)

gggh(mh) > gggh,SM (194)

� > �

SM

(195)

µ ⇠ 1 (196)

14

for

Despite increased on-shell coupling (and 
Higgs width) negligible contribution in 

off-shell region

Note, shown here only simplest toy model

[Englert, MS] (submitted)
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Summary
• Increasing interest and wide efforts in HH final state

• Might be possible to measure coupling at LHC 14 TeV  
-> a combination of all accessible final states will be necessary

• Still final states and reconstructions difficult to simulate:  
(ir)reducible backgrounds, taus, bs, photons

Need finally solid analyses

• Very few HH+(jets) samples: full loop, BSM
Need flexible MC

Experimentalists

Theorists

• Higgs width measurement extremely nice idea but not 
quite model independent (task for ILC)

• But off-shell measurement still important: - New Physics constraints


- CP Higgs 


- ….
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