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☛ Currently everything looks like 
the SM within (big statistical) 
errors 

☛ Most 7+8 TeV measurements 
are rather inclusive 

☛ Where is new physics?

Effective Field Theory?

concrete models?

Boosting the Higgs

[ATLAS-CONF-2015-044]
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BSM physics in the Higgs 
sector

Effective Field Theory concrete models
• (N)MSSM

• Higgs portals

• compositeness

• …

[Buchmüller, Wyler `87] [Hagiwara, Peccei, Zeppenfeld, Hikasa`87] 
[Giudice, Grojean, Pomarol, Rattazzi `07] 
[Grzadkowski, Iskrzynski, Misiak, Rosiek `10] 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Boosting the Higgs

Nausheen Shah, Brian Batell this workshopMichael Trott, this workshop



Benefits of boosted Higgs final states
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☛ contd. Higgs characterisation (spin & CP measurements) 

☛ EFT 

☛ access VH production mechanisms 

☛ break degeneracies in the dim 6 coupling fit 

☛ access sensitivity in rare final states 

☛ concrete models 

☛ extended Higgs sector exotics (light and heavy)



Tools & Developments
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☛ 1994: boosted hadronic W’s and tops 

☛ 2002: boosted hadronic W’s from strongly interacting WW 
systems 

☛ 2008: boosted Higgs to bottoms

[Seymour `94]

[YSplitter: Butterworth, Cox, Forshaw `2002]

[Butterworth, Davison, Rubin, Salam `08]

☛ Higgs discovery in associated production  feasible and 
crucially relies on background rejection based on boosted 
final states and jet substructure technology

filtering trimming

mass drop



Tools & Developments
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☛ since then rapid developments within the BOOST community 

☛ jet “grooming” methods (inverted jet algorithms + extras) 
☛ filtering  
☛ pruning  
☛ trimming

[Butterworth, Davison, Rubin, Salam `08]

[Krohn, Thaler, Wang  `10]

[Ellis, Vermillion, Walsh  `09]

capture complementary 
complementary 

information }
[Soper, Spannowsky `10]

☛ subjet techniques well understood in QCD 
☛ resummed calcuations for filtering, trimming, pruning  
☛ QCD-improved definitions of (soft) mass drop   

[Dasgupta, Fregoso, Marzani, Salam `13]



Tools & Developments
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☛ since then rapid developments within the BOOST community

☛ plethora of jet substructure techniques on the market  

☛ BDRS (with modifications) 

☛ template overlap method  

☛ shower/event deconstruction 

☛ QJets 

☛ multivariate techniques,                                                        
matrix element method….
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Figure 3: (a): The rejection of inclusive multi-jets versus Higgs-jet e�ciency using all large-R jets with pT >
250 GeV for (single / double / asymmetric) b-tagging requirements. (b): Multi-jet rejection versus Higgs-jet
e�ciency using all large-R jets with pT > 250 GeV, broken down by multi-jet flavor composition, using double
b-tagging. The stars correspond to a 70% b-tagging WP. The bands represent the statistical uncertainties. None of
the curves reach a Higgs-jet e�ciency of 100% due to the imperfect e�ciency to reconstruct the track jets needed
for b-tagging and in the case of asymmetric b-tagging the 70% b-tagging working point requirement on one of the
track jets.

Another common background to boosted Higgs boson searches are boosted hadronic top-quark decays.
The inclusive hadronic top jet rejection versus the Higgs-jet e�ciency can be found in Figure 4a, where
the performance of double b-tagging, single b-tagging and asymmetric b-tagging is shown. Double and
asymmetric b-tagging perform similarly and both provide significantly better rejection than single b-
tagging with no significant loss in Higgs-jet e�ciency. While Figure 4a includes all large-R jets with
pT > 250 GeV, the aforementioned performance features of each of the possible b-tagging requirements
is similar when examining the Higgs-jet e�ciency versus the hadronic top rejection in di↵erent regions
of large-R jet pT. The hadronic top jet rejection versus the Higgs-jet e�ciency for double b-tagging with
the hadronic top jets broken down by the number of b- and c-hadrons found in the large-R top jet can be
seen in Figure 4b. A large fraction of top jets is rejected by the double-b-tagging requirement, however
the hadronic top jets containing both a b- and c-hadron are rejected at a significantly lower rate than other
flavors of hadronic top jets.

At present only the 70% b-tagging e�ciency WP is calibrated for track jets and it is used for this analysis.
In consequence the asymmetric b-tagging option is not available.

6.2 Mass Window Determination

The groomed jet mass is an important component in tagging boson jets [9]. A mass window requirement,
selecting a range of masses around the Higgs boson mass, is applied. The smallest windows containing
68% and 90% of the groomed Higgs-jet mass distributions are identified.

Before choosing the mass window, one can notice that in addition to detector smearing, the mass resolu-
tion of Higgs-jets is degraded due to the semi-leptonic decays of the b-hadrons produced in Higgs boson

10

[ATLAS-PHYS-PUB-2015-035]

[Soper, Spannowsky `11, `14]

[Almeida et al. `08]

[Ellis et al. `12]

[ATL-PHYS-PUB—2015-035]



Boosted Higgs EFT
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☛ Standard searches leave 
degeneracies in the Higgs 
coupling fit
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FIG. 17: 68% probability contours in the plane (c̄u, c̄g) for the three benchmark scenarios: LHC
14

(upper left plot); HL-LHC (upper right and lower left plots); FCC
100

(lower right plot). Di↵erent
curves correspond to: double Higgs production in the bb̄�� final state (solid blue line); all single-
Higgs processes except tt̄h (dashed blue line); tt̄h alone (dotted blue line). Filled areas correspond
to: all single Higgs processes including tt̄h (orange region); all single Higgs processes plus dou-
ble Higgs production (dark blue region); all single Higgs processes except tt̄h plus double Higgs
production (light blue area in the lower left plot).

the degeneracy in the h ! �� decay rate) 22. The process tt̄h mainly constrains c̄u and is

crucial to reduce the overall experimental uncertainty. In comparison, gg ! hh ! bb̄�� is

less powerful but still competitive in constraining c̄u. For example, by removing tt̄h from the

22 By fixing all the parameters to their SM value but one, the likelihood obtained from Ref. [53] is approx-

imately Gaussian. By including all single Higgs processes except tt̄h we obtain the following standard

deviations: �(c̄u) = 0.06, �(c̄g) = 0.005, �(c̄H) = 0.08 for L = 300 fb�1; �(c̄u) = 0.05, �(c̄g) = 0.004,

�(c̄H) = 0.05 for L = 3ab�1. From tt̄h alone we find: �(c̄u) = 0.2 for L = 300 fb�1; �(c̄u) = 0.08 for

L = 3ab�1.

36

all couplings without ttH

double Higgs production

[Azatov, Contino, Panico, Son `15]
ttH

all couplings including ttH
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FIG. 1: Representative Feynman diagram topologies contributing to gg → ZZ → e+e−µ+µ−. Additional particles can run in
the Higgs production loops (a) (Sec. III A), (b) the Higgs vertices can be modified by higher dimensional operator contributions
(Sec. III B), or additional s-channel resonances can show up with mφ > mh (Sec. IV).

mechanism) and decoupling of the Higgs width param-
eter for large invariant ZZ masses to formulate a con-
straint on the Higgs width:

µon
ZZ ≡

σh × BR(h→ ZZ → 4ℓ)

[σh × BR(h→ ZZ → 4ℓ)]SM
∼
κ2
ggh κ

2
hZZ

Γh/ΓSM
h

, (2a)

µoff
ZZ ≡

dσh

[dσh]SM
∼ κ2

ggh(ŝ)κ
2
hZZ(ŝ) , (2b)

where
√
ŝ is the partonic level center of mass energy and

κX ≡ (gX + g̃X)/gX , where gX is the coupling in the
SM and g̃ parametrizes BSM effects. Here, For sim-
plicity, here we only consider gluon fusion, the domi-
nant production mechanism. “Off-shell” typically means
mZZ

>∼ 330 GeV due to a maximized ratio of Higgs-
induced vs. continuum gg → ZZ production as a conse-
quence of the top threshold.
If we have Γh > ΓSM

h ≃ 4 MeV, yet still a SM value
for the pp → h → ZZ signal strength µon

ZZ , we need
to have κ2

ggh κ
2
hZZ > 1. If we consider an extrapola-

tion of the on-shell region to the off-shell region based
on the SM Feynman graph templates depicted in Fig. 1,
we can understand a constraint on σh as a constraint
on Γh as a consistency check : In a well-defined QFT
framework such as the SM, a particle width is a con-
sequence of the interactions and degrees of freedom as
specified in the Lagrangian density. E.g. by extending
the SM with dynamics that induce an invisible partial
Higgs decay width, there is no additional information in
the off-shell measurement when combined with the on-
shell signal strength. It is important to note that if we
observe an excess in σh in the future, then this will not
be a manifestation of Γh > ΓSM

h . Instead we will neces-
sarily have to understand this as a observation of physics
beyond the SM, which might but does not need to be in
relation to the Higgs boson.
A quantitatively correct estimate of important inter-

ference effects that shape σh have been provided in
Refs. [14–16] (see also [17] for a related discussion of
pp → h → γγ). These interference effects are an imme-
diate consequence of a well-behaved electroweak sector
in the sub-TeV range in terms of renormalizability and,
hence, unitarity [18, 19]. While they remain calculable in
electroweak leading order Monte Carlo programs [14, 15],

they are not theoretically well-defined, unless we assume
a specific BSM scenario or invoke EFT methods. For a
discussion on the unitarity constraints on the different
Wilson coefficients see [20].
Both ATLAS and CMS have performed the outlined

measurement with the 8 TeV data set in the mean-
time [21, 22]. The importance of high invariant mass
measurements in this particular channel in a wider con-
text has been discussed in Refs. [18, 23–26]
In the particular case of pp → ZZ → 4ℓ, we can clas-

sify models according to their effect in the on-shell and
off-shell phase space regions. We can identify four re-
gions depending on the measured value of µoff

ZZ , which
can provide a strong hint for new physics in the above
scenarios (ii)-(iv):

1. µoff
ZZ = 1 and [κ2

gghκ
2
hZZ ]

on = 1 ,

2. µoff
ZZ = 1 and [κ2

gghκ
2
hZZ ]

on ̸= 1 ,

3. µoff
ZZ ̸= 1 and [κ2

gghκ
2
hZZ ]

on = 1 ,

4. µoff
ZZ ̸= 1 and [κ2

gghκ
2
hZZ ]

on ̸= 1 .

(3)

We can write a generalized version of Eq. (2b) that
also reflects (non-)resonant BSM effects by writing the
general amplitude

M(gg → ZZ) =

[

[ghZZgggh](ŝ, t̂) + [g̃hZZ g̃ggh](ŝ, t̂)

+
∑

i

[g̃ggXi
g̃XiZZ ](ŝ, t̂)

]

+
{

gggZZ(ŝ, t̂) + g̃ggZZ(ŝ, t̂)
}

, (4)

from which we may compute dσ(gg) ∼ |M|2 by folding
with parton distribution functions and the phase space
weight. For q̄q-induced ZZ production we can formulate
a similar amplitude

M(q̄q → ZZ) = gq̄qZZ (ŝ, t̂)

+ g̃q̄qZZ(ŝ, t̂) +
∑

i

[̃gq̄qXi
g̃XiZZ ](ŝ, t̂) , (5)
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mechanism) and decoupling of the Higgs width param-
eter for large invariant ZZ masses to formulate a con-
straint on the Higgs width:

µon
ZZ ≡

σh × BR(h→ ZZ → 4ℓ)

[σh × BR(h→ ZZ → 4ℓ)]SM
∼
κ2
ggh κ

2
hZZ

Γh/ΓSM
h

, (2a)

µoff
ZZ ≡

dσh

[dσh]SM
∼ κ2

ggh(ŝ)κ
2
hZZ(ŝ) , (2b)

where
√
ŝ is the partonic level center of mass energy and

κX ≡ (gX + g̃X)/gX , where gX is the coupling in the
SM and g̃ parametrizes BSM effects. Here, For sim-
plicity, here we only consider gluon fusion, the domi-
nant production mechanism. “Off-shell” typically means
mZZ

>∼ 330 GeV due to a maximized ratio of Higgs-
induced vs. continuum gg → ZZ production as a conse-
quence of the top threshold.
If we have Γh > ΓSM

h ≃ 4 MeV, yet still a SM value
for the pp → h → ZZ signal strength µon

ZZ , we need
to have κ2

ggh κ
2
hZZ > 1. If we consider an extrapola-

tion of the on-shell region to the off-shell region based
on the SM Feynman graph templates depicted in Fig. 1,
we can understand a constraint on σh as a constraint
on Γh as a consistency check : In a well-defined QFT
framework such as the SM, a particle width is a con-
sequence of the interactions and degrees of freedom as
specified in the Lagrangian density. E.g. by extending
the SM with dynamics that induce an invisible partial
Higgs decay width, there is no additional information in
the off-shell measurement when combined with the on-
shell signal strength. It is important to note that if we
observe an excess in σh in the future, then this will not
be a manifestation of Γh > ΓSM

h . Instead we will neces-
sarily have to understand this as a observation of physics
beyond the SM, which might but does not need to be in
relation to the Higgs boson.
A quantitatively correct estimate of important inter-

ference effects that shape σh have been provided in
Refs. [14–16] (see also [17] for a related discussion of
pp → h → γγ). These interference effects are an imme-
diate consequence of a well-behaved electroweak sector
in the sub-TeV range in terms of renormalizability and,
hence, unitarity [18, 19]. While they remain calculable in
electroweak leading order Monte Carlo programs [14, 15],

they are not theoretically well-defined, unless we assume
a specific BSM scenario or invoke EFT methods. For a
discussion on the unitarity constraints on the different
Wilson coefficients see [20].
Both ATLAS and CMS have performed the outlined

measurement with the 8 TeV data set in the mean-
time [21, 22]. The importance of high invariant mass
measurements in this particular channel in a wider con-
text has been discussed in Refs. [18, 23–26]
In the particular case of pp → ZZ → 4ℓ, we can clas-

sify models according to their effect in the on-shell and
off-shell phase space regions. We can identify four re-
gions depending on the measured value of µoff

ZZ , which
can provide a strong hint for new physics in the above
scenarios (ii)-(iv):

1. µoff
ZZ = 1 and [κ2

gghκ
2
hZZ ]

on = 1 ,

2. µoff
ZZ = 1 and [κ2

gghκ
2
hZZ ]

on ̸= 1 ,

3. µoff
ZZ ̸= 1 and [κ2

gghκ
2
hZZ ]

on = 1 ,

4. µoff
ZZ ̸= 1 and [κ2

gghκ
2
hZZ ]

on ̸= 1 .

(3)

We can write a generalized version of Eq. (2b) that
also reflects (non-)resonant BSM effects by writing the
general amplitude

M(gg → ZZ) =

[

[ghZZgggh](ŝ, t̂) + [g̃hZZ g̃ggh](ŝ, t̂)

+
∑

i

[g̃ggXi
g̃XiZZ ](ŝ, t̂)

]

+
{

gggZZ(ŝ, t̂) + g̃ggZZ(ŝ, t̂)
}

, (4)

from which we may compute dσ(gg) ∼ |M|2 by folding
with parton distribution functions and the phase space
weight. For q̄q-induced ZZ production we can formulate
a similar amplitude

M(q̄q → ZZ) = gq̄qZZ (ŝ, t̂)

+ g̃q̄qZZ(ŝ, t̂) +
∑

i

[̃gq̄qXi
g̃XiZZ ](ŝ, t̂) , (5)
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HH: a case for boosted Higgs
[Glover, van der Bij `87] 

[Plehn, Spira, Zerwas `96] 
[Djouadi, Killian, Mühlleitner, Zerwas `99] 

[Plehn, Baur, Rainwater `03] 
[Dolan, CE, Spannowsky `12] 

[Papaefstathiou, Yang, Zurita `12] 
[Barr, Dolan, CE, Spannowsky `13] 

….. 
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FIG. 1: Sample Feynman graphs contributing to pp → hh+X. Graphs of type (a) yield vanishing contributions due to color
conservation.

cal configuration†, which is characterized by a large di-
higgs invariant mass, but with a potentially smaller Higgs
s-channel suppression than encountered in the back-to-
back configuration of gg → hh.
The goal of this paper is to provide a comparative

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

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

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

II. HIGGS PAIR PRODUCTION AT THE LHC

A. General Remarks

Inclusive Higgs pair production has already been stud-
ied in Refs. [14–17] so we limit ourselves to the details
that are relevant for our analysis.
Higgs pairs are produced at hadron colliders such as

the LHC via a range of partonic subprocesses, the most
dominant of which are depicted in Fig. 1. An approxima-
tion which is often employed in phenomenological studies
is the heavy top quark limit, which gives rise to effective

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

ggh and gghh interactions [20]

Leff =
1

4

αs

3π
Ga

µνG
aµν log(1 + h/v) , (2)

which upon expansion leads to

L ⊃ +
1

4

αs

3πv
Ga

µνG
aµνh−

1

4

αs

6πv2
Ga

µνG
aµνh2 . (3)

Studying these operators in the hh+X final state should
in principle allow the Higgs self-coupling to be con-
strained via the relative contribution of trilinear and
quartic interactions to the integrated cross section. Note
that the operators in Eq. (3) have different signs which
indicates important interference between the (nested)
three- and four point contributions to pp → hh + X al-
ready at the effective theory level.
On the other hand, it is known that the effective theory

of Eq. (3) insufficiently reproduces all kinematical prop-
erties of the full theory if the interactions are probed
at momentum transfers Q2 >∼ m2

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

B. Parton-level considerations

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

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

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

destructive interference
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FIG. 2: Comparison of the (normalized) pT,h distributions in pp → hh+X at LO for different multiples of the trilinear Higgs
coupling λ (mt = 172.5 GeV and mb = 4.5 GeV using CTEQ6l1 parton densities).
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ŝ

pp → hh + X

mh [GeV]

σ
[f
b
]

FIG. 3: Comparison of pp → hh + X at LO. We choose
mt = 175 GeV as in Ref. [15], from which we also obtain
the dashed blue reference line, and mb = 4.5 GeV and we use
the CTEQ6l1 parton distributions.

The resulting inclusive hadronic cross sections are plot-
ted in Fig. 3, where we also show results for non-SM tri-
linear couplings, varied around the SM value (see Eq. (1))

λSM =

√

η

2
mh . (4)

Note that choosing a value different from λSM does not
yield a meaningful potential in terms of Eq. (1), but al-
lows to constrain λ in hypothesis tests using, e.g., the
CLs method [24].
We also show the result of Ref. [15] for comparison

and find excellent agreement in total, keeping in mind
that the results of Ref. [15] were obtained using the GRV
parametrizations of parton luminosities [25], which are
different from the CTEQ6l1 [26] set that we employ for
the remainder of this paper§.

§Using the integration-mode of FormCalc/LoopTools with the

Interference between the different non-zero contribu-
tions depicted in Fig. 3 becomes obvious for the differ-
ently chosen Higgs self-couplings. We also learn from
Fig. 3 that the dihiggs cross section has a fairly large
dependence on the particular value of the trilinear cou-
pling for a mh = 125 GeV Higgs boson. The qualitative
Higgs mass dependence for different values of the trilinear
self-coupling in Fig. 3 is easy to understand: The Higgs
propagator in Fig. 1 (c) is always probed off-shell at fairly
large invariant masses; this renders the triangle contribu-
tions 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 produc-
tion [27]. This ameliorates the s-channel suppression of
the trilinear coupling-sensitive triangle graphs and causes
the dependence of the cross section on the trilinear cou-
pling 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 effectively. 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 different values of λ and
mh = 125 GeV. The dip structure for λ > λSM 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 suffice to give a qualitative assess-

ment of the prospects of measurements of λ in the pp →
hh+X channel:

• the Higgs bosons from inclusive dihiggs productions

CTEQ6l1 set we obtain perfect agreement.

[ATLAS PHYS-PUB 2014-19]
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FIG. 6: (a) Individual cross section contributions to
p(g)p(g) → ZZ → e+e−µ+µ− as a function of the param-
eters of Eq. (15), subject to the constraint µon

ZZ = 1. Note
that cT shifts mZ away from its SM value, which is tightly
constrained by the T parameter [39]. The modification of the
intermediate Z boson mass is not reflected in the SM con-
tinuum distribution, which is purely SM. We also show the
impact of the dominant LSILH operators in the full cross sec-
tion, taking into account all interference effects, relative to the
SM expectation in panel (b). We choose Wilson coefficients
of size civ

2/f2
≃ 0.25 in both panels.

posed to the experimentally clean ZZ → 4ℓ signature†,
the signal-to-background ratio in e.g. pp → hj → τ+τ−

is of the order of 0.1 [47]. A measurement of the differen-

†For instance, a measurement of the off-shell cross section is already
available with the 8 TeV data set although the inclusive signal
cross section is significantly smaller compared to Z-associated and
jet-associated Higgs production
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FIG. 7: Comparison of the off-shell measurement of pp →

ZZ → light leptons with associated pp → hZ → bb̄ℓ+ℓ−

(ℓ = e, µ) and pp → hj → τ+τ−.

tial distributions as shown in Fig. 7 in these channels will
be complicated: While the acceptance in the fully lep-
tonic ZZ final state at large invariant four-lepton masses
is close to unity [21, 22], the signal rates in associated
and monojet production are vastly reduced (for details
see e.g. [45] and [47]). Therefore, off-shell measurements
in the pp→ ZZ channel will not only provide crucial in-
formation to limit the presence of higher dimensional op-
erators but also provide complementary information, in
particular due to a larger kinematically accessible phase
space range.

IV. RESONANT BSM PHYSICS

In contrast to the non-resonant physics scenarios dis-
cussed in the previous sections, we can imagine the off-
shell measurement to be impacted by the presence of ad-
ditional iso-singlet scalar resonances. To work in a con-
sistent framework, we will focus on so-called Higgs por-
tal scenarios [48] in the following, which directly link the
presence of new scalar states to a universal Higgs cou-
pling suppression. We focus on the minimal extension of
the Higgs sector

LHiggs = µ2|H |2 − λ|H |4 + η|H |2|φ|2 + µ̃2|φ|2 − λ̃|φ|4 .
(17)

If both the Higgs doublet H and the extra singlet φ ob-
tain a vacuum expectation value, the η-induced linear
mixing introduces a characteristic mixing angle cosχ to
single Higgs phenomenology via rotating the Lagrangian
eigenstates (L) to the mass eigenbasis (M)‡

(

h
φ

)

L

=

(

cosχ − sinχ
sinχ cosχ

)(

h
φ

)

M

. (18)

‡Multi-Higgs phenomenology can be vastly different [49].

typical S/B thresholds motivate the boosted regime, but do not 
forget background systematics ….

[CE, Soreq, Spannowsky `14]

[Grojean et al `13] [Schlaffer et al `14] [Buschmann et al `14, `14] 



Litmus test in Higgs physics

11

☛ Higgs discovery in VH, H >bottoms feasible and relies on 
background rejection based on boosted final states and subject 
technology [Butterworth, Davison, Rubin, Salam `08]

Table 3: Signal-to-background ratio and signal significances in the full boosted range and in
each pT (W ) bin. The figures of merit are calculated considering all events selected by the
resolved and substructure selections, and also events that were uniquely selected by the latter,
after the jet veto is applied. The acceptance from the electron channel is taken into account.

S/B(%)

pT (W ) [GeV] Resolved Substructure
Unique

Substructure

200− 400 15.2 19.5 8.7
400− 600 20.3 21.5 6.0
> 600 19.2 15.6 13.9

> 200 16.0 19.9 9.1

S/
√
B, L = 3000(150) fb−1

pT (W ) [GeV] Resolved Substructure
Unique

Substructure

200− 400 20.6 (4.6) 20.8 (4.7) 4.7 (1.1)
400− 600 9.2 (2.1) 8.9 (2.0) 1.6 (0.4)
> 600 2.7 (0.6) 4.1 (0.9) 3.4 (0.8)

> 200 22.7 (5.1) 23.0 (5.1) 5.9 (1.3)

V H system consists in reducing the combinatorial background and the large tt̄ contribution,
achieved with transverse momenta on the order of the Higgs boson mass. Higher pT values are
not beneficial to the signal significance due to the extremely small signal cross-section.

The two analyses achieve similar significances in the range pT (W ) < 600 GeV, while the sub-
structure approach outperforms in the highest bin, increasing the significance by approximately
50%. A combination of the events reconstructed by the resolved approach with those uniquely
reconstructed by the substructure approach has the potential to increase the significance of the
highest pT (W ) region by approximately ∼60%. A Run 2 measurement targeting the full boosted
regime can already achieve a statistical significance of 5σ, a result that could be improved by
a few percent by combining both the resolved and substructure methods. Figure 5 shows the
expected background-subtracted signal mass-peak for a luminosity on 3000 fb−1, with error
bars illustrating the anticipated statistical uncertainty. The information from both approaches
could also be combined in more sophisticated ways, such as a multivariate technique, to take
advantage of the complementary information such techniques can provide to better reject and
control the main background processes.

This study considers only the WH channel, without systematic uncertainties. The addition
of the ZH ,H → bb̄ channels, for the cases of Z decaying to either leptons or neutrinos, will
significantly increase the statistical sensitivity. Additionally, further optimisations of the event
selection can also be expected to further improve the sensitivity. The inclusion of systematic
uncertainties will degrade the sensitivity, although given the large datasets available, it should
be possible to control such uncertainties to a higher degree than was the case in Run 1 of the
LHC. The conclusions reached on the relative applicability of the resolved and jet substructure
approaches should not be strongly dependent on either of these consideration though. There is
however an indication from these studies, that as the substructure approach gives a higher S/B
in the most sensitive region, as well as a rather pureW+bb̄ control region which could be used to
constrain that background, it could have improved sensitivity relative to the resolved case once
systematic uncertainties are included (assuming the two approaches have similar sensitivity

10

[Butterworth, Ochoa, Scanlon `15]

Boosted Higgs searches remains superb Higgs BSM spectroscopy tools
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0

1
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mVH HGeVL

N
ev
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Figure 1: Simulation of the mV H distribution in (V ! 2`) + (H ! b̄b) events at the
Tevatron after implementing D0 cuts, obtained using MadGraph v2.1.0 interfaced with
Pythia and Delphes v3, combined with the dimension-6 model implementation developed
in [25]. The solid distribution is the SM expectation, while the red-dotted and blue-dashed
lines correspond to the distributions with c̄W =0.1 and 0.035, respectively.

to c̄W via the di↵erential information available in the invariant mass distribution, particu-
larly in the higher-mass bins where the signal-to-background ratio increases most rapidly.
The invariant mass distribution found in our simulation is plotted for the 2-lepton case
in Fig. 1 for various values of c̄W . As expected, the e↵ect of the dimension-6 operator is
to generate a larger tail at high invariant masses than in the SM.

We include the information from signal strength and di↵erential distribution by con-
structing a �2 function with a contribution from each mV H bin. We treat the errors
provided as Gaussian, neglecting any correlations between bins as this information is not
available. Since the sensitivity of the distribution analysis is largely driven by the last
bin, the sensitivity of the limit to correlations is minimal. The resulting improved bounds
are

c̄W 2 [�0.11, 0.06] . (3.1)

The �2 distribution from this constraint is shown as the dashed-red line in the left panel
of Fig. 2.

This limit, using di↵erential information, is better than the more inclusive observable
µHV by 15-20 %. A better understanding of the tail in the kinematic distribution could
improve considerably this limit. However, the Tevatron analysis is limited by statistics,
whereas the LHC experiments benefit from increased energy, which expands the available
phase space and hence enhances the e↵ect of anomalous couplings, with the prospect also
of future improvements in statistical significance. The study of constraints from Run 1
of the LHC at 8 TeV is the subject of the next section.

4

[Sanz, Ellis, You `14]
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FIG. 1: Feynman diagram
topologies contributing to
gg ! hZ at leading order
in general gauge.

extraction of new physics signatures from Higgs coupling
fits.

II. GLUON-INDUCED hZ PRODUCTION IN
THE BOOSTED REGIME

Given the importance of associated Higgs boson pro-
duction, the gluon-induced contribution to hZ produc-
tion was calculated some time ago [6]. The QCD cor-
rections to this process, however, have been made avail-
able only recently [7] in the mt ! 1,mb ! 0 approx-
imation. While the quark-induced subprocesses follow
a Drell-Yan-type paradigm with a moderate (next-to-
)next-to leading order K-factor of K ' 1.2 the gluon-
initiated contribution receives NLO radiative corrections
of K ' 2, similar to gg ! h production. We will not
delve into the details of perturbative corrections, but will
assume the total correction factor as reported in [7, 8] as
flat in the actual analysis. The characteristic leading or-
der (LO) features, which are central to the discussion in
this paper will also persist beyond LO.

Gluon-induced associated production is computed
from the Feynman topologies depicted in Fig. 1. The
special role of the top quark follows from the thresh-
old behavior of the amplitude which has a branch cut
s � 4m2

t , giving rise to an absorptive part of the ampli-
tude related to other physical process according to the
Cutkosky rules [9]. This can be seen in Fig. 2, where
we compare the di↵erent contributions to pp ! hZ at
the LHC for

p
s = 14 TeV.† While this may be con-

sidered common knowledge, it is granted little attention
in the estimation of Higgs signal rates and the coupling
extraction e↵ort. This is understandable in the light of
the limited LHC run I data which relies on total signal
counts and hence the high pT,h analysis currently has a
negligible impact on Higgs coupling extractions. How-
ever, this situation will change fundamentally with 14
TeV data and the high pT,h analyses will be central to

†
We have cross-checked these results against existing calculations in

the literature [6–8, 10, 11] and find excellent agreement.

the Higgs coupling extraction at a high luminosity run
which will crucially rely on exclusive selections and dif-
ferential Higgs cross sections.
We calculate the quark-initiated and one loop gluon-

initiated associated production amplitudes using the
FeynArts/FormCalc/LoopTools [13] frameworks.
We use a Monte Carlo calculation based on the vfbnlo
[12] framework to generate parton-level events in the Les
Houches standard [14] which we pass to Herwig++ [15]
for showering and hadronization.
We apply typical hZ final state selection cuts by

requiring exactly 2 leptons satisfying |⌘l| < 2.5 and
pT,l > 30 GeV and with invariant mass in the region
80 < m(l1, l2) < 100 GeV. We tag boosted Z-boson
candidates by requiring pT (l1 + l2) > 200 GeV. For the
h ! bb final state we combine jets using the Cambridge-
Aachen algorithm with radius R = 1.2 and require a
boosted Higgs boson candidate by requiring the jet pT
satisfies pT,j > 200 GeV. At least one fat jet is required
with ⌘j < 2.5 and the b-tagging is applied to this jet.
Jet substructure techniques are implemented as in the

BDRS analysis [5] with a double b-tag on the filtered
subjets. The doubly-tagged reconstructed Higgs jet has
to have mass in the window 115 < m(b, b) < 135 GeV.
We impose a 60% signal tagging e�ciency and a 2% fake
tagging rate.
After the analysis steps described above we find a sig-

nal cross section of � = 0.1 fb which contains the contri-
bution from the gluon-initiated sample. We also include
the relevant K factors. The di↵erential composition be-
fore cuts is shown in Fig. 2 and after cuts and BDRS
analysis is shown in Fig. 3.
Obviously due to the boosted selection (which cannot

be relaxed unless the tt̄ backgrounds are suppressed by
other means) remove the mt threshold behavior encoun-
tered in the gg subprocesses. Nonetheless the contribu-
tion is still non-negligible and the interplay of the box and
triangle contribution with a potentially enhanced contri-
bution can be used to formulate constraints on the in-
volved couplings at large LHC luminosity.

III. IMPLICATIONS FOR SM RATES AT THE
LHC

This result has implications for the extraction of SM
Higgs rates in the boosted pp ! hZ, h ! bb channel.
Currently rates are calculated in this channel by apply-
ing the selection cuts for boosted associated production
to pT distributions calculated at NLO which only include
the quark-initiated component. NNLO corrections are
taken into account by simply applying an overall rescal-
ing to the distributions with the required K-factors, en-
suring that the total associated production cross section
matches the NNLO results. Gluon-initiated hZ is tech-
nically NNLO, hence the current methods overlook the
di↵erences in distributions between quark-initiated and
gluon-initiated processes. These di↵erences are signifi-
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factor of i. This manipulation causes the result to in-
crease by a factor of about 35 for M& =1 TeV. For com-
parison, also the contribution from quark-antiquark an-
nihilation is shown (dotted line). Note that, in contrast to
quark-antiquark annihilation, gluon fusion yields the
same contribution in proton-antiproton collisions.
From Fig. 2 it is apparent that the triangle-box in-

terference is, for the most part, destructive. This can be
worked out already on the basis of squared matrix ele-
ments. To that end, we define the relative phase angle P
between the triangle and the box amplitude TT and T~
by
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Figure 3 displays the variation of cosI)) with the mass m
of a single internal quark assuming an exemplary situa-
tion where s =4MH with MH =200 GeV and where the Z
and the Higgs boson are emitted perpendicularly to the
gluons in the center-of-mass system. Figuratively speak-
ing, 'TT and 'Tz point in two directions in the complex
plane which are opposite within a tolerance of less than
50'. The two inflection points at m =Mz /2 and
m =MB /2 (see arrows) are due to imaginary parts in Tz
which are switched off as the internal quark becomes too
heavy to be pair-produced through Z- and Higgs-boson
decay, respectively. Eventually, above the threshold
m =')/s /2 both V'r and T~ are real and opposite in
sign. In fact, as has already been mentioned in Ref. 13,
the leading terms in the large-m expansions of Tr and
'Ts are both proportional to 1/m but, apart from finite-
width effects, they cancel each other leaving behind terms
of O(1/m ).
Figure 4 shows the transverse momentum distributions

for pp~ZH+X at &s =40 TeV arising from gluon
fusion (solid lines) and quark-antiquark annihilation (dot-
ted lines) for mI =80, 140, 200 GeV and MB=30, 100,
500 GeV. They are all finite in the limit p, ~0. Taking
into account the triangle diagram along (dashed line)
greatly overestimates the contribution from gg ~ZH
throughout, especially for large p, . While qq~ZH is in-
sensitive to m„ashas been explained in the Introduction,
gg ~ZH attains relative importance as m, increases. The
channel qq~ZH is, however, clearly dominant in the
high-p, range, p, &400 GeV, independently of MH. The
only chance for gluon fusion to be competitive is in the
window 200 GeV&p, &400 GeV if m, is close to 200
GeV and MH &300 GeV. The spikes in the p, spectra
from gg~ZH may be understood as genuine threshold
effects and they are located at
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where s is suSciently large to create toponium provided
that no energy is used up for longitudinal motion in the
ZH system. These ser rations disappear for
2m, Mz+M&, when toponium can already mix with
ZH produced at rest.

FIG. 4. Transverse-momentum distributions for
pp~ZH+X at &s =40 TeV from gluon fusion for m, =80,
140, 200 GeV (solid lines) and from quark-antiquark annihila-
tion (dotted lines) for (a) MH =30 GeV, (b) MH =100 GeV, and
(c) MH =500 GeV. Lower curves correspond to smaller values
of m, .

Thresholds = boost

[Kniehl `90] [Matsuura, Hamberg, van Neerven `90]

☛ thresholds can render subdominant contributions relevant at high 
luminosity & energy 

☛ interference of contributions non-negligible and important for BSM
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factor of i. This manipulation causes the result to in-
crease by a factor of about 35 for M& =1 TeV. For com-
parison, also the contribution from quark-antiquark an-
nihilation is shown (dotted line). Note that, in contrast to
quark-antiquark annihilation, gluon fusion yields the
same contribution in proton-antiproton collisions.
From Fig. 2 it is apparent that the triangle-box in-

terference is, for the most part, destructive. This can be
worked out already on the basis of squared matrix ele-
ments. To that end, we define the relative phase angle P
between the triangle and the box amplitude TT and T~
by
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Figure 3 displays the variation of cosI)) with the mass m
of a single internal quark assuming an exemplary situa-
tion where s =4MH with MH =200 GeV and where the Z
and the Higgs boson are emitted perpendicularly to the
gluons in the center-of-mass system. Figuratively speak-
ing, 'TT and 'Tz point in two directions in the complex
plane which are opposite within a tolerance of less than
50'. The two inflection points at m =Mz /2 and
m =MB /2 (see arrows) are due to imaginary parts in Tz
which are switched off as the internal quark becomes too
heavy to be pair-produced through Z- and Higgs-boson
decay, respectively. Eventually, above the threshold
m =')/s /2 both V'r and T~ are real and opposite in
sign. In fact, as has already been mentioned in Ref. 13,
the leading terms in the large-m expansions of Tr and
'Ts are both proportional to 1/m but, apart from finite-
width effects, they cancel each other leaving behind terms
of O(1/m ).
Figure 4 shows the transverse momentum distributions

for pp~ZH+X at &s =40 TeV arising from gluon
fusion (solid lines) and quark-antiquark annihilation (dot-
ted lines) for mI =80, 140, 200 GeV and MB=30, 100,
500 GeV. They are all finite in the limit p, ~0. Taking
into account the triangle diagram along (dashed line)
greatly overestimates the contribution from gg ~ZH
throughout, especially for large p, . While qq~ZH is in-
sensitive to m„ashas been explained in the Introduction,
gg ~ZH attains relative importance as m, increases. The
channel qq~ZH is, however, clearly dominant in the
high-p, range, p, &400 GeV, independently of MH. The
only chance for gluon fusion to be competitive is in the
window 200 GeV&p, &400 GeV if m, is close to 200
GeV and MH &300 GeV. The spikes in the p, spectra
from gg~ZH may be understood as genuine threshold
effects and they are located at
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where s is suSciently large to create toponium provided
that no energy is used up for longitudinal motion in the
ZH system. These ser rations disappear for
2m, Mz+M&, when toponium can already mix with
ZH produced at rest.
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140, 200 GeV (solid lines) and from quark-antiquark annihila-
tion (dotted lines) for (a) MH =30 GeV, (b) MH =100 GeV, and
(c) MH =500 GeV. Lower curves correspond to smaller values
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extraction of new physics signatures from Higgs coupling
fits.

II. GLUON-INDUCED hZ PRODUCTION IN
THE BOOSTED REGIME

Given the importance of associated Higgs boson pro-
duction, the gluon-induced contribution to hZ produc-
tion was calculated some time ago [6]. The QCD cor-
rections to this process, however, have been made avail-
able only recently [7] in the mt ! 1,mb ! 0 approx-
imation. While the quark-induced subprocesses follow
a Drell-Yan-type paradigm with a moderate (next-to-
)next-to leading order K-factor of K ' 1.2 the gluon-
initiated contribution receives NLO radiative corrections
of K ' 2, similar to gg ! h production. We will not
delve into the details of perturbative corrections, but will
assume the total correction factor as reported in [7, 8] as
flat in the actual analysis. The characteristic leading or-
der (LO) features, which are central to the discussion in
this paper will also persist beyond LO.

Gluon-induced associated production is computed
from the Feynman topologies depicted in Fig. 1. The
special role of the top quark follows from the thresh-
old behavior of the amplitude which has a branch cut
s � 4m2

t , giving rise to an absorptive part of the ampli-
tude related to other physical process according to the
Cutkosky rules [9]. This can be seen in Fig. 2, where
we compare the di↵erent contributions to pp ! hZ at
the LHC for

p
s = 14 TeV.† While this may be con-

sidered common knowledge, it is granted little attention
in the estimation of Higgs signal rates and the coupling
extraction e↵ort. This is understandable in the light of
the limited LHC run I data which relies on total signal
counts and hence the high pT,h analysis currently has a
negligible impact on Higgs coupling extractions. How-
ever, this situation will change fundamentally with 14
TeV data and the high pT,h analyses will be central to

†
We have cross-checked these results against existing calculations in

the literature [6–8, 10, 11] and find excellent agreement.

the Higgs coupling extraction at a high luminosity run
which will crucially rely on exclusive selections and dif-
ferential Higgs cross sections.
We calculate the quark-initiated and one loop gluon-

initiated associated production amplitudes using the
FeynArts/FormCalc/LoopTools [13] frameworks.
We use a Monte Carlo calculation based on the vfbnlo
[12] framework to generate parton-level events in the Les
Houches standard [14] which we pass to Herwig++ [15]
for showering and hadronization.
We apply typical hZ final state selection cuts by

requiring exactly 2 leptons satisfying |⌘l| < 2.5 and
pT,l > 30 GeV and with invariant mass in the region
80 < m(l1, l2) < 100 GeV. We tag boosted Z-boson
candidates by requiring pT (l1 + l2) > 200 GeV. For the
h ! bb final state we combine jets using the Cambridge-
Aachen algorithm with radius R = 1.2 and require a
boosted Higgs boson candidate by requiring the jet pT
satisfies pT,j > 200 GeV. At least one fat jet is required
with ⌘j < 2.5 and the b-tagging is applied to this jet.
Jet substructure techniques are implemented as in the

BDRS analysis [5] with a double b-tag on the filtered
subjets. The doubly-tagged reconstructed Higgs jet has
to have mass in the window 115 < m(b, b) < 135 GeV.
We impose a 60% signal tagging e�ciency and a 2% fake
tagging rate.
After the analysis steps described above we find a sig-

nal cross section of � = 0.1 fb which contains the contri-
bution from the gluon-initiated sample. We also include
the relevant K factors. The di↵erential composition be-
fore cuts is shown in Fig. 2 and after cuts and BDRS
analysis is shown in Fig. 3.
Obviously due to the boosted selection (which cannot

be relaxed unless the tt̄ backgrounds are suppressed by
other means) remove the mt threshold behavior encoun-
tered in the gg subprocesses. Nonetheless the contribu-
tion is still non-negligible and the interplay of the box and
triangle contribution with a potentially enhanced contri-
bution can be used to formulate constraints on the in-
volved couplings at large LHC luminosity.

III. IMPLICATIONS FOR SM RATES AT THE
LHC

This result has implications for the extraction of SM
Higgs rates in the boosted pp ! hZ, h ! bb channel.
Currently rates are calculated in this channel by apply-
ing the selection cuts for boosted associated production
to pT distributions calculated at NLO which only include
the quark-initiated component. NNLO corrections are
taken into account by simply applying an overall rescal-
ing to the distributions with the required K-factors, en-
suring that the total associated production cross section
matches the NNLO results. Gluon-initiated hZ is tech-
nically NNLO, hence the current methods overlook the
di↵erences in distributions between quark-initiated and
gluon-initiated processes. These di↵erences are signifi-
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FIG. 2: Invariant hZ mass mhZ (left) and pT spectra (right) for pp ! hZ production at
p
s = 14 TeV, also comparing to the

quark-induced leading order contribution.

cant, as demonstrated in Fig. 2.
Schematically, if we denote the application of typical

selection cuts on an hZ production process at the LHC
as C[�] and the BDRS analysis on the bb final state as
B[�], then with current methods the boosted associated
production cross section at the LHC after selection cuts
is calculated as

�Cuts = Ke↵ ⇥ C[�NLO
qq (pp ! hZ)] , (1)

where �qq is the NLO quark-initiated associated produc-
tion cross section. After applying the full BDRS analysis
the resulting cross-section is

�BDRS = Ke↵ ⇥ B[C[�NLO
qq (pp ! hZ, h ! bb)]] , (2)

where the subscript qq denotes the quark-induced process
with distributions calculated at NLO and the e↵ective K-
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FIG. 3: Invariant truth-level hZ mass for pp ! (h ! bb̄)(Z !
µ+µ�, e+e�) production at

p
s = 14 TeV. These results are

a direct reflection of Fig. 2 after the analysis cuts and the
reconstruction have been applied. NLO correction factors as
reported in Refs. [7, 8] have been included to reflect the proper
signal composition.

factor is calculated from the inclusive cross sections as

Ke↵ =
KNNLO

qq ⇥ �NLO,Inc
qq +KNLO

gg ⇥ �NLO,Inc
gg

�NLO,Inc
qq

, (3)

where the superscript Inc represents the fact that these
quantities are calculated at the inclusive level. How-
ever, because the di↵erential distributions for the boosted
quark-initiated and gluon-initiated contributions are dif-
ferent they behave di↵erently under the selection cuts
and BDRS analysis, invalidating the approach sketched
above. To obtain a more accurate result the cuts and
BDRS analysis should be applied to events originating
from both production mechanisms. Doing this we calcu-
late

e�Cuts = KNNLO
qq ⇥ C[�NLO

qq (pp ! hZ)]

+KNLO
gg ⇥ C[�LO

gg (pp ! hZ)] , (4)

for the boosted cross section and

e�BDRS = KNNLO
qq ⇥ B[C[�NLO

qq (pp ! hZ, h ! bb)]]

+KNLO
gg ⇥ B[C[�LO

gg (pp ! hZ, h ! bb)]], (5)

for the cross section after applying the BDRS analysis.
Comparing the two methods we find e�Cuts/�Cuts ⇡

1.09, constituting a ⇠ 9% enhancement to the total Higgs
associated production cross section after applying a typ-
ical set of cuts for boosted Higgs production at the LHC.
This arises as a greater fraction of the gluon-initiated
events survive the selection cuts than for quark-induced
events, which can be understood from the pT distribution
in Fig. 2 where, for a pT cut at 200 GeV, a greater frac-
tion of the total gluon-initiated events will remain than
for the quark-initiated events simply because the gluon-
initiated distribution is peaked at greater pT than the
quark-initiated distribution.
For the BDRS analysis we find e�BDRS/�BDRS ⇡ 0.99

showing that the previous e↵ect is almost completely o↵-
set because a smaller fraction of gluon fusion-initiated
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☛ thresholds can render subdominant contributions relevant at high 
luminosity & energy 

☛ interference of contributions non-negligible and important for BSM

Thresholds = boost
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FIG. 5: Parameter dependence of RBDRS as defined in Eq. 13
at 14 TeV after including K-factors and BDRS cuts with the
gluon-initiated contribution included (solid black) and omit-
ted (dashed red). This is a striking example of the importance
of including the gluon-initiated process in parameter fits in-
volving associated production at the LHC. For example, for
the parameter point �V = 0, �t = �1 (cV = 1, ct = 0), omit-
ting the gluon-initiated process would lead to a purely SM-
like cross-section, whereas if it is included the cross section is
almost doubled.

While the significance of the h ! bb signals from Run
I of the LHC is relatively weak, Run II will lead to in-
creased sensitivity in this channel and understanding sig-
nals or limits on new physics from the Run II Higgs search
data will require interpreting the data in terms of well-
motivated new physics models. There are many models
one could consider, however we will only consider one
particularly well-motivated model with interesting modi-
fications to Higgs physics: the Type II 2HDM, where the
Higgs sector is identical to the MSSM.

In Fig. 6 we show contours of the total h ! bb rate
at the 14 TeV LHC without (above) and with (below)
the e↵ects of gluon-initiated processes included. It is im-
mediately apparent that away from the decoupling limit
(↵ = ��⇡/2) the SM-like regions of parameter space are
significantly di↵erent if gluon fusion is included. Near the
decoupling limit the inclusion of gluon fusion leads to a
significantly smaller region of parameter space with SM-
like rates which would lead to significantly stronger con-
straints on 2HDM parameter space in the case of SM-like
rates in the h ! bb channel during Run II of the LHC.
We can study the approach to the decoupling limit by
writing ↵ � � = � � ⇡/2 and considering the parameter
dependence of RBDRS. Assuming we are close to the de-
coupling limit and expanding to first order in � we find
that with the gluon-initiated process omitted

µbb(qq ! hZ) ⇡ 1� �(0.2 cot� + 0.7 tan�) , (16)

whereas with the gluon-initiated process included

µbb(qq, gg ! hZ) ⇡ 1� �(0.6 cot� + 0.7 tan�) , (17)
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FIG. 6: Contours of the total signal strength relative to the
SM in the h ! bb channel with BDRS analysis applied for
a Type II 2HDM with gluon fusion omitted (above) and
included (below). In this calculation we have rescaled all
couplings, but not included triangle diagrams with gg !
A⇤ ! hZ, which may become important if the additional
pseudoscalar A is light. Including gluon fusion in associ-
ated production leads to significant modifications of the total
h ! bb rate at the LHC in the type II 2HDM. In particu-
lar, once gluon fusion is included deviations in the total rate
are more rapid as one moves away from the decoupling limit
↵ = � � ⇡/2. This is due to the rapid growth in gluon fu-
sion cross-section away from the SM Higgs couplings as the
mild SM amplitude cancellation is spoiled. Once gluon fusion
is included the SM-like solutions of the Type II 2HDM are
significantly di↵erent than one finds under the assumption of
only Drell-Yann production.

and the dependence on deviations from the decoupling
limit is much stronger at low tan�. This is not surprising
as the gluon-initiated associated production introduces
strong dependence of the cross section on the Higgs-top
quark coupling, which in this limit is given by ct ⇡ 1 +
� cot�.

Looking away from the decoupling limit in Fig. 6 the
inclusion of gluon-initiated associated production radi-
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and the dependence on deviations from the decoupling
limit is much stronger at low tan�. This is not surprising
as the gluon-initiated associated production introduces
strong dependence of the cross section on the Higgs-top
quark coupling, which in this limit is given by ct ⇡ 1 +
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☛ thresholds can render subdominant contributions relevant at high 
luminosity & energy 

☛ interference of contributions non-negligible and important for BSM
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FIG. 4: Invariant mass distribution of the (a) hh and the (b)
Hh system for MSSM-like production at low tanβ. For details
see text.

(28%) and ZZ (12%). We could increase the branching
ratio into two Higgses further by decreasing tanβ, at the
cost of increasing the scalar masses. Using a suitably
modified version of Vbfnlo we find the leading order
production cross-section σ(pp → H → hh) = 246 fb. We
also calculate the cross-section for σ(pp → H → Hh).
This is suppressed by the off-shell H in the s-channel,
and by the fact that the λHHh coupling is suppressed
relative to the λHhh coupling. We find the cross-section
for this process to be 4.5 fb, too low for observation given
h has SM-Higgs-like branching ratios.
We can separate the large contribution H → hh by

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

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

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

III. NONRESONANT NEW PHYSICS:
PSEUDO-NAMBU-GOLDSTONEISM

Apart from softly-broken supersymmetry, strong in-
teractions are the only other constructions which can
cure the naturalness problem (if only partially) with phe-
nomenologically testable implications.
A well-known example of electroweak symmetry break-

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

T µ
µ ∼ m2

WW+
µ W−µ +

m2
w

cos2 θw
ZµZ

µ

+
∑

f

mf f̄ f + . . . . (3.1)

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

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

‡Owing to the large N and large ’t Hooft coupling limit [39] of
AdS/CFT, it is intrinsically difficult to construct a fully realistic
model in terms of electroweak precision measurements.

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

[Dolan, CE, Spannowsky `12]

unboosted

boosted

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

☛ strong case for boosted Higgs final states, validation of new substructure 
techniques necessary
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FIG. 2: Distributions of the electromagnetic radius Rel and the energy isolation Eiso, Eqs. (6), (7). To determine Eiso we choose
r1 = 0.2 and r2 = 0.4 for illustration purposes and we emphasize that our results are qualitatively unaltered for different r1, r2
choices.

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

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

B. Discriminating ditau jets

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

tau particle can be summarized as follows [27]:

τ± → e±, µ± + /pT 35% ,

τ± → hadrons + /pT 65% ,
(5a)

which is tantamount to ditau jet branching ratios

ditaus decay leptonically 12.25% ,

ditaus decay semi-leptonically 45.5% ,

ditaus decay hadronically 42.25% .

(5b)

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

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

Rj
em =

∑

α

pT,α ∆R(α, j)

/

∑

α

pT,α , (6)

and the jet energy isolation

Ej
iso =

∑

r1≤∆R(α,j)≤r2

pT,α

/

∑

α

pT,α , (7)

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

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

pT ⇠ 300 GeV

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

�R ⇠ m/pT

exotics: NMSSM

☛ light exotics: “new” boosted 
strategies need to be validated
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high discrimination taggers available 
from substructure developments

7

ditaus ZZj WZj WWj tt̄

1.00 1.00 1.00 1.00 1.00

nℓ = 2,
0.416 0.217 0.130 0.011 0.026

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

max (pℓT , p
ℓ′

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

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

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

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

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

cross section [fb] 1.32 0.45 1.83 0.18 0.29

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

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

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

√
B ! 5

for L = 12 fb−1.

IV. TOWARD LOW pT DITAU TAGGING

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

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

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

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

d = p(light flavor)
L(ditau)

L(ditau) + L(light flavor)

+ p(c)
L(ditau)

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

L(ditau)

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

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

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

Since the distributions of the QCD jets are less sensitive
to the flavor content of the jets, this choice has only a
small impact on the actual distribution of d. The result
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FIG. 8: Combined discriminator, Eq. (13), that results from
the likelihood of Eq. (12).

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

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

V. SUMMARY AND CONCLUSIONS

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

• pile-up & underlying event at 
LHC 13? 

• general feasibility for model-
dependent cross sections after 
fits?
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☛ LHC run II will bring Higgses at high pT with reasonable statistics 

☛ Boosted Higgs final states are crucial tools if the new physics scale 
is well separated from the electroweak scale 

☛ top (partner) thresholds can populate the boosted Higgs pT 
regime addining additional sensitivity 

☛ Boosted Higgs final states can be “make-or-break” final states for 
extended Higgs sectors with new light degrees of freedom


