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WHAT (NOT) TO EXPECT...

• I will review “classical” challenges (i.e. perturbative uncertainties, 
precision calculations, ...) in the context of jet-based analyses 

• I will also review new jet substructure-based analysis strategies

• I will mention a (biased) list of tools on the way. Some of them you may 
already know, some you won’t. The hands-on session allows you to dig 
deeper.

• It’s one hour. Therefore no details.

• Higgs physics as a phenomenological example, but all what I say is also true 
in wider context.

• INTERRUPT ME AT ANY TIME IF SOMETHING REQUIRES 
MORE EXPLANATION*
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* or meet me for a beer at the bar
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Why jets ??

3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247,248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ −→ V + H (3.1)

vector boson fusion : qq −→ V ∗V ∗ −→ qq + H (3.2)

gluon − gluon fusion : gg −→ H (3.3)

associated production with heavy quarks : gg, qq̄ −→ QQ̄ + H (3.4)
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Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.
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IR issues with pQCD (in the chiral limit): 

14 2.2 QCD-improved Hadron Collider Calculations
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Figure 2.2: Generic one-loop Feynman di-
agram. The external lines are on-shell, i.e.
(kj+1 � kj)2 = m2

j ⌘ 0.

in the massless propagator, i.e.

q ! �kn =) dn ! 0 (2.34)

in fig. 2.2. The momentum transfer of the propagator tends to zero according to
(2.33).

• Collinear mass singularities arise when a massless on-shell particle is attached to
two massless propagators, fig. 2.3 (b). The logarithmic singularity results from
the propagators’ loop momentum becoming collinear to the external particle, i.e.

q ! �kn+1 + xn(kn � kn+1) =) dn ! (1 + xn)2(kn � kn+1)
2 = 0 . (2.35)

As already mentioned in the beginning of this section, the cancellation of the diver-
gencies against contributions from soft and collinear radiation, respectively [33, 35] is
deeply buried in the concept of unitary QFTs. A heuristic argument can be derived
from noting that a di↵erent Cutkosky-cut [45] applied to a squared real emission graph
corresponds to a one-loop interference diagram, so that unitarity relates these two con-
tributions.

2.2.3 Dipole subtraction

The Catani-Seymour dipole subtraction [37] is a method that introduces bookkeeping of
IR singularities to one-loop QCD calculations in a process-independent and systematic
manner. Therefore, keeping track of the cancellations described in the above section
heavily simplifies. In a nutshell, the divergent piece, which is due to factorization
proportional to the Born-level matrix element, is subtracted from and re-added to the
NLO cross section in dimensional regularization d = 4� 2",

�NLO
m = �B

m +
⇥
�V

m + �A
m+1

⇤
+

⇥
�R

m+1 � �A
m+1

⇤
+ �C

m . (2.36)
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Figure 2.3: Feynman graph
topologies that give rise to soft
singularities (a), and collinear di-
vergencies (b) at the one loop
level.
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final state hadron observables must not be sensitive to 
collinear and soft radiation

[Kinoshita `62] [Lee, Naunberg `64]



Contemporary jet algorithms                (infrared safe)
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1. for each of the final state tracks/calorimeter hits/partons compute

dij = min(p2k
T,i, p

2k
T,j)

�R2
ij

R2

diB = p2k
T,i

�R2
ij = (yi � yj)2 + (�i � �j)2

2. find the minimum of                

3. if the minimum is       recombine             and return 1

4. if the minimum is        remove    from the list and define it a final state 
jet and return to 1

5. stop when no candidates are left

{dij , diB}

dij ij ! i0

diB i

k = 0

k = �1

k = 1

anti-kT: hard, small .... soft, large

Cambridge/Aachen: small ... large distances

inclusive kT: soft, small .... hard, large

angular ordering!

i j

i0

jet

clu
st

er 
his

to
ry



This is what the LHC is designed to do ...

produce the Higgs boson ....
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This is what the LHC is designed to do ...

... and measure its decay products...
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This is what the LHC is designed to do ...

... in an extremely busy hadronic environment!
pp, pp cross sections

     <10     of the events are interesting

“find 1 person in 1000 world populations”

-10

• devise dedicated search strategies

• apply advanced statistical methods 

• assess & improve simulation uncertainties 
(higher orders, parton densities, ...)

To get a hold on the Higgs boson and its 
properties we have to
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July 04, 2012
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July 04, 2012
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ATLAS: Status of SM Higgs searches, 4/7/2012 

mγγ spectrum fit, for each category, with 
Crystal Ball + Gaussian for signal plus  
background model optimised (with MC)  
to minimize biases 
Max deviation of background model from  
expected background distribution taken  
as systematic uncertainty 

Total after selections: 59059 events 

Main systematic uncertainties 

July 04, 2012

“I think we have it.”
- R. Heuer



Higgs strahlung
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• main production channel at the Tevatron, small 
production cross section at the LHC due to 
pdfs (large vs small    )

• moderate NLO corrections K=1.2 ... 1.3
• one of the main search channels for a light 

Higgs using boosted final states and subjet 
analyses,
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3

on mass resolution and background rejection.

The above results were obtained with HER-
WIG 6.510[17, 18] with Jimmy 4.31 [19] for the under-
yling event, which has been used throughout the sub-
sequent analysis. The signal reconstruction was also
cross-checked using Pythia 6.403[20]. In both cases
the underlying event model was chosen in line with the
tunes currently used by ATLAS and CMS (see for ex-
ample [21] 2). The leading-logarithmic parton shower
approximation used in these programs have been shown
to model jet substructure well in a wide variety of pro-
cesses [23, 24, 25, 26, 27, 28]. For this analysis, sig-
nal samples of WH, ZH were generated, as well as
WW, ZW, ZZ, Z + jet, W + jet, tt̄, single top and dijets
to study backgrounds. All samples correspond to a lu-
minosity ≥ 30 fb−1, except for the lowest p̂min

T dijet sam-
ple, where the cross section makes this impractical. In
this case an assumption was made that the selection ef-
ficiency of a leptonically-decaying boson factorises from
the hadronic Higgs selection. This assumption was tested
and is a good approximation in the signal region of the
mass plot, though correlations are significant at lower
masses.

The leading order (LO) estimates of the cross-section
were checked by comparing to next-to-leading order
(NLO) results. High-pT V H and V bb̄ cross sections were
obtained with MCFM [29, 30] and found to be about 1.5
times the LO values for the two signal and the Z0bb̄ chan-
nels (confirmed with MC@NLO v3.3 for the signal [31]),
while the W±bb̄ channel has a K-factor closer to 2.5 (as
observed also at low-pT in [30]).3 The main other back-
ground, tt̄ production, has a K-factor of about 2 (found
comparing the HERWIG total cross section to [32]). This
suggests that our final LO-based signal/

√
background es-

timates ought not to be too strongly affected by higher
order corrections, though further detailed NLO studies
would be of value.

Let us now turn to the details of the event selection.
The candidate Higgs jet should have a pT greater than
some p̂min

T . The jet R-parameter values commonly used
by the experiments are typically in the range 0.4 - 0.7.
Increasing the R-parameter increases the fraction of con-
tained Higgs decays. Scanning the region 0.6 < R < 1.6
for various values of p̂min

T indicates an optimum value
around R = 1.2 with p̂min

T = 200 GeV.

Three subselections are used for vector bosons: (a) An
e+e− or µ+µ− pair with an invariant mass 80 GeV <
m < 100 GeV and pT > p̂min

T . (b) Missing transverse
momentum > p̂min

T . (c) Missing transverse momentum

2 The non-default parameter setting are: PRSOF=0,
JMRAD(73)=1.8, PTJIM=4.9 GeV, JMUEO=1, with
CTEQ6L [22] PDFs.

3 For the V bb̄ backgrounds these results hold as long as both the
vector boson and bb̄ jet have a high pT ; relaxing the requirement
on pTV leads to enhanced K-factors from electroweak double-
logarithms.
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FIG. 2: Signal and background for a 115 GeV SM Higgs
simulated using HERWIG, C/A MD-F with R = 1.2 and
pT > 200 GeV, for 30 fb−1. The b tag efficiency is assumed
to be 60% and a mistag probability of 2% is used. The qq̄
sample includes dijets and tt̄. The vector boson selections
for (a), (b) and (c) are described in the text, and (d) shows
the sum of all three channels. The errors reflect the statisti-
cal uncertainty on the simulated samples, and correspond to
integrated luminosities > 30 fb−1.

> 30 GeV plus a lepton (e or µ) with pT > 30 GeV,
consistent with a W of nominal mass with pT > p̂min

T . It
may also be possible, by using similar techniques to re-
construct hadronically decaying bosons, to recover signal
from these events. This is a topic left for future study.

To reject backgrounds we require that there be no lep-
tons with |η| < 2.5, pT > 30 GeV apart from those used
to reconstruct the leptonic vector boson, and no b-tagged
jets in the range |η| < 2.5, pT > 50 GeV apart from the
Higgs candidate. For channel (c), where the tt̄ back-
ground is particularly severe, we require that there are
no additional jets with |η| < 3, pT > 30 GeV. The re-
jection might be improved if this cut were replaced by a
specific top veto [5]. However, without applying the sub-
jet mass reconstruction to all jets, the mass resolution
for R = 1.2 is inadequate.

The results for R = 1.2, p̂min
T = 200 GeV are shown

in Fig. 2, for mH = 115 GeV. The Z peak from ZZ and
WZ events is clearly visible in the background, providing
a critical calibration tool. Relaxing the b-tagging selec-
tion would provide greater statistics for this calibration,
and would also make the W peak visible. The major
backgrounds are from W or Z+jets, and (except for the
HZ(Z → l+l−) case), tt̄.

Combining the three sub-channels in Fig. 2d, and sum-
ming signal and background over the two bins in the
range 112-128 GeV, the Higgs is seen with a significance

mH = 115 GeV

H ! bb̄
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• main production channel at the Tevatron, small 
production cross section at the LHC due to 
pdfs (large vs small    )

• moderate NLO corrections K=1.2 ... 1.3
• one of the main search channels for a light 

Higgs using boosted final states and subjet 
analyses,
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on mass resolution and background rejection.

The above results were obtained with HER-
WIG 6.510[17, 18] with Jimmy 4.31 [19] for the under-
yling event, which has been used throughout the sub-
sequent analysis. The signal reconstruction was also
cross-checked using Pythia 6.403[20]. In both cases
the underlying event model was chosen in line with the
tunes currently used by ATLAS and CMS (see for ex-
ample [21] 2). The leading-logarithmic parton shower
approximation used in these programs have been shown
to model jet substructure well in a wide variety of pro-
cesses [23, 24, 25, 26, 27, 28]. For this analysis, sig-
nal samples of WH, ZH were generated, as well as
WW, ZW, ZZ, Z + jet, W + jet, tt̄, single top and dijets
to study backgrounds. All samples correspond to a lu-
minosity ≥ 30 fb−1, except for the lowest p̂min

T dijet sam-
ple, where the cross section makes this impractical. In
this case an assumption was made that the selection ef-
ficiency of a leptonically-decaying boson factorises from
the hadronic Higgs selection. This assumption was tested
and is a good approximation in the signal region of the
mass plot, though correlations are significant at lower
masses.

The leading order (LO) estimates of the cross-section
were checked by comparing to next-to-leading order
(NLO) results. High-pT V H and V bb̄ cross sections were
obtained with MCFM [29, 30] and found to be about 1.5
times the LO values for the two signal and the Z0bb̄ chan-
nels (confirmed with MC@NLO v3.3 for the signal [31]),
while the W±bb̄ channel has a K-factor closer to 2.5 (as
observed also at low-pT in [30]).3 The main other back-
ground, tt̄ production, has a K-factor of about 2 (found
comparing the HERWIG total cross section to [32]). This
suggests that our final LO-based signal/

√
background es-

timates ought not to be too strongly affected by higher
order corrections, though further detailed NLO studies
would be of value.

Let us now turn to the details of the event selection.
The candidate Higgs jet should have a pT greater than
some p̂min

T . The jet R-parameter values commonly used
by the experiments are typically in the range 0.4 - 0.7.
Increasing the R-parameter increases the fraction of con-
tained Higgs decays. Scanning the region 0.6 < R < 1.6
for various values of p̂min

T indicates an optimum value
around R = 1.2 with p̂min

T = 200 GeV.

Three subselections are used for vector bosons: (a) An
e+e− or µ+µ− pair with an invariant mass 80 GeV <
m < 100 GeV and pT > p̂min

T . (b) Missing transverse
momentum > p̂min

T . (c) Missing transverse momentum

2 The non-default parameter setting are: PRSOF=0,
JMRAD(73)=1.8, PTJIM=4.9 GeV, JMUEO=1, with
CTEQ6L [22] PDFs.

3 For the V bb̄ backgrounds these results hold as long as both the
vector boson and bb̄ jet have a high pT ; relaxing the requirement
on pTV leads to enhanced K-factors from electroweak double-
logarithms.

Mass (GeV)
0 20 40 60 80 100 120 140 160 180 200

-1
Ev

en
ts

 / 
8G

eV
 / 

30
fb

0

2

4

6

8

10

12

14

16

Mass (GeV)
0 20 40 60 80 100 120 140 160 180 200

-1
Ev

en
ts

 / 
8G

eV
 / 

30
fb

0

2

4

6

8

10

12

14

16 qq
V+jets
VV
V+Higgs

 = 2.1BS/
in 112-128GeV

(a)

Mass (GeV)
0 20 40 60 80 100 120 140 160 180 200

-1
Ev

en
ts

 / 
8G

eV
 / 

30
fb

0

20

40

60

80

100

Mass (GeV)
0 20 40 60 80 100 120 140 160 180 200

-1
Ev

en
ts

 / 
8G

eV
 / 

30
fb

0

20

40

60

80

100 qq
V+jets
VV
V+Higgs

 = 3.1BS/
in 112-128GeV

(b)

Mass (GeV)
0 20 40 60 80 100 120 140 160 180 200

-1
Ev

en
ts

 / 
8G

eV
 / 

30
fb

0

5

10

15

20

25

30

35

Mass (GeV)
0 20 40 60 80 100 120 140 160 180 200

-1
Ev

en
ts

 / 
8G

eV
 / 

30
fb

0

5

10

15

20

25

30

35
qq

V+jets
VV
V+Higgs

 = 2.9BS/
in 112-128GeV

(c)

Mass (GeV)
0 20 40 60 80 100 120 140 160 180 200

-1
Ev

en
ts

 / 
8G

eV
 / 

30
fb

0

20

40

60

80

100

120

140

Mass (GeV)
0 20 40 60 80 100 120 140 160 180 200

-1
Ev

en
ts

 / 
8G

eV
 / 

30
fb

0

20

40

60

80

100

120

140 qq
V+jets
VV
V+Higgs

 = 4.5BS/
in 112-128GeV

(d)

FIG. 2: Signal and background for a 115 GeV SM Higgs
simulated using HERWIG, C/A MD-F with R = 1.2 and
pT > 200 GeV, for 30 fb−1. The b tag efficiency is assumed
to be 60% and a mistag probability of 2% is used. The qq̄
sample includes dijets and tt̄. The vector boson selections
for (a), (b) and (c) are described in the text, and (d) shows
the sum of all three channels. The errors reflect the statisti-
cal uncertainty on the simulated samples, and correspond to
integrated luminosities > 30 fb−1.

> 30 GeV plus a lepton (e or µ) with pT > 30 GeV,
consistent with a W of nominal mass with pT > p̂min

T . It
may also be possible, by using similar techniques to re-
construct hadronically decaying bosons, to recover signal
from these events. This is a topic left for future study.

To reject backgrounds we require that there be no lep-
tons with |η| < 2.5, pT > 30 GeV apart from those used
to reconstruct the leptonic vector boson, and no b-tagged
jets in the range |η| < 2.5, pT > 50 GeV apart from the
Higgs candidate. For channel (c), where the tt̄ back-
ground is particularly severe, we require that there are
no additional jets with |η| < 3, pT > 30 GeV. The re-
jection might be improved if this cut were replaced by a
specific top veto [5]. However, without applying the sub-
jet mass reconstruction to all jets, the mass resolution
for R = 1.2 is inadequate.

The results for R = 1.2, p̂min
T = 200 GeV are shown

in Fig. 2, for mH = 115 GeV. The Z peak from ZZ and
WZ events is clearly visible in the background, providing
a critical calibration tool. Relaxing the b-tagging selec-
tion would provide greater statistics for this calibration,
and would also make the W peak visible. The major
backgrounds are from W or Z+jets, and (except for the
HZ(Z → l+l−) case), tt̄.

Combining the three sub-channels in Fig. 2d, and sum-
ming signal and background over the two bins in the
range 112-128 GeV, the Higgs is seen with a significance

mH = 115 GeV

H ! bb̄



Boosted techniques: Higgs subjet taggers in a nutshell

boosted decays of massive particles can end up 
in the same jet: 

{Trigger}

b

b̄

[Butterworth, Davison, Rubin, Salam `08]

1. mass drop

2. check asymmetry

mj1 < 0.66mj

min(p2
T,j1, p

2
T,j2)

m2
j

�R2
j1,j2 > ycut

3. apply “filtering” to clean up UEV

4. take 3 hardest subjets 

5. b tagging on the two hardest ones

R = 1.2 . . . 1.5

12

�Rbb ⇠ mh/pT,H
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[Butterworth, Davison, Rubin, Salam `08]
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∗For a quantitative analysis of these approximations see below.
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For the purpose of this thesis, we take the CKM
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Figure 3.1: Feynman diagrams of the partonic subprocess qQ̄
→

W̃ −
g.

W̃
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effective polarization vector of the three-body decay current W̃
→

! −
ν̄
! γ , and the four-body

decay current W̃
→

! −
ν̄
! ! ′+

! ′−
of fig. 3.2.

∗For a quantitative analysis of these approximations see below.
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Chapter 3
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only consider the qQ̄-induced processes. All other partonic subprocesses are then given

by analytical continuation of the qQ̄
scattering amplitude; the W +

cases can be treated

accordingly.
For the purpose of this thesis, we take the CKM

matrix to be diagonal, and neglect

bottom
contributions ∗

, i.e. q =
(d, s), and Q

=
(u, c). The leptons are assumed

to be
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Figure 3.1: Feynman diagrams of the partonic subprocess qQ̄
→

W̃ −
g.

W̃
denotes the

effective polarization vector of the three-body decay current W̃
→

! −
ν̄
! γ , and the four-body

decay current W̃
→

! −
ν̄
! ! ′+

! ′−
of fig. 3.2.

∗For a quantitative analysis of these approximations see below.
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H

�pT ⇠ R2 �R4/8
but sum from soft tracks

reculster jet with finer resolution
Rfilt = min(0.3, Rbb̄)

• do normal jet clustering with big cone size 
• recluster with a finer resolution and a different jet algorithm (i.e. anti-kT)
• reject each subjet’s contribution if 
• combine leftover subjets to the “trimmed” jet

pT,i  fcut⇤hard

R ' 1.5

get rid of soft radiation and focus on “lighthouse” tracks

[Butterworth, Davison, Rubin, Salam `08]

[Krohn, Thaler, Wang `09]
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• do normal jet clustering with big cone size 
• rerun clustering with the following modification

1. for each recombination               computei, j ! i0

z =
min(pT,i, pT,j)

pT,i + pT,j
Rijand

2. if              and                   do not merge candidates but discard    
the softer candidate and continue with the algorithm

z  zcut Rij � Rcut

[Ellis, Vermillion, Walsh `09]

more jet “grooming” and substructure
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• do normal jet clustering with big cone size 
• rerun clustering with the following modification

1. for each recombination               computei, j ! i0

z =
min(pT,i, pT,j)

pT,i + pT,j
Rijand

2. if              and                   do not merge candidates but discard    
the softer candidate and continue with the algorithm

z  zcut Rij � Rcut

subtract soft wide-angle emission from the jet

[Ellis, Vermillion, Walsh `09]

more jet “grooming” and substructure

[Thaler, van Tilburg `10]

how N-“clumpy” is the jet substructure ?

⌧N =
P

k pT,k min (�R(1, k), . . . ,�R(N, k))P
j pT,j R

N-subjettiness
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“Buried” Higgs bosons show up in many models with extended electroweak 
sectors. Currently                                                 .

A known example is the NMSSM for tan� ' 5, mA ' 10 GeV
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FIG. 9: Combined discriminators for b jets (lower panel) and
ditau jets (upper panel) for different minimum transverse mo-
mentum requirements on the leading jet.

sequently, current analysis strategies are not suitable to
cope with these signatures which might well arise in sce-
narios of strong interactions, the NMSSM or in hidden-
valley-type models.
We have shown that the combination of only two ob-

servable, N -subjettiness (in particular τ3/τ1) and pjT /mj

does serve to highly lift the degeneracy of ditau jets and

QCD jets of all kind. The combination of both observ-
ables encodes orthogonal information on the ditaus’ dis-
tinct radiation and decay pattern.
We have applied these results in a phenomenological

analysis of pp → hZ + X, Z → "+"−, BR(h → AA) =
BR(A → τ+τ−) = 100% for boosted kinematics and have
shown that constraints can be formulated for small inte-
grated luminosities and that the Higgs mass for the cho-
sen parameters can, in principle, be reconstructed. More
specifically, we find that the Higgs signal becomes sta-
tistically significant for luminosities L " 12 fb−1 leaving
enough space to compensate smaller branching ratios in
more realistic scenarios.
Constructing a toy ditau tagger based on the two ob-

servables, augmented by the number of charged tracks
distribution in a likelihood approach, we find a high tag-
ging efficiency with an acceptably small mistagging prob-
ability, not too sensitive on the considered jet’s pT .
Of course, our results are subject to modifications

when confronted with all contributing experimental un-
certainties and mass setups different from Eq. (2). How-
ever, our findings strongly motivate a more detailed in-
vestigation within a full detector simulation framework.
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the invariant mass is applied to H → ττ (see also [40]) with
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rated. Applied to our signatures this corresponds to a leptonic
version of Fig. 1(a), and we can expect a good reconstruction
of the Higgs resonance for this decay scenario.
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3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247,248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ −→ V + H (3.1)

vector boson fusion : qq −→ V ∗V ∗ −→ qq + H (3.2)

gluon − gluon fusion : gg −→ H (3.3)

associated production with heavy quarks : gg, qq̄ −→ QQ̄ + H (3.4)
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Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.
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3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247,248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ −→ V + H (3.1)

vector boson fusion : qq −→ V ∗V ∗ −→ qq + H (3.2)

gluon − gluon fusion : gg −→ H (3.3)
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Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.
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FIG. 6: (a) Transverse cluster mass for scenario (c) with the additional requirement Eq. (7), and (b) the resulting branching ratio extraction
along the lines of Sec. IV.

this shape uncertainty as a flat profile which we assume de-
pendent on the integrated luminosity

∆(L) = 10%− 5%
√

L/1000 fb−1 (6)

to mimic an improved understanding of the measurement and
theoretical uncertainty in due time.
The expected 95% confidence level exclusion is shown in

Fig. 5. Direct measurements yield results BR ! 0.1, . . . , 1,
and are highly sensitive to the amount of hadronic energy that
we observe in the final state and the correlation of /ET with
the visible part of the final state.
We learn from Fig. 4(b) that the combination of little

hadronic energy, trigger criteria and detector effects together
with initial-state-radiation pollution results in an extremely
challenging signature at the hadronically busy LHC environ-
ment. As a direct consequence, only weak limits can be ob-
tained for decay scenario (b). This is mostly due to the very
limited possibilities to improve S/B and the poor mass res-
olution that can be obtained from a signature that predomi-
nantly governed by missing energy in a channel whose dibo-
son backgrounds’ also contain a sizable amount of /ET .
Turning to final states that contain more hadronic energy

Fig. 1(c) and (d), we can impose stronger limits from direct
measurements (BR ! 0.3). An optimal choice of observables
adopted to the specifics of Fig. 1(a) in comparison to (c) can
push the bounds to the 10% level.

An alternative route for putting limits on scenario (c), where
hadronic energy correlations in the fat jet’s substructure can
be resolved, is exploiting the fat jet’s “active area” (see also

Ref. [17]) in a way that also incorporates the correlation with
the missing energy. This is straightforwardly achieved by im-
posing an additional cut on the ratio of the fat jet’s trans-
verse momentum and the events reconstructed transverse clus-
ter massmT,c(/E, j)

pT,j/mT,c > 2 . (7)

The resulting mT,c is shown in Fig. 6 together with the pro-
jected BR extraction. While the reduction in statistics eventu-
ally compensates the enhancement in S/B (compare Fig. 6(b)
to Fig. 5(c)), we are able to approximately reconstruct our
light Higgs partnermA = 20 GeV from the jet substructure.
This is only feasible by exploiting visible final state energy
correlations – identical strategies proof unsuitable for scenar-
ios (a), (b) and (d).
A successful and intangible extraction of the light scalar

mass from the associated production channel hence depends
on a good understanding of the background at smallmT,c and
a sizable branching ratio H → AA → scenario (c). Current
fits limit the invisible branching ratio to be BR ! 0.5. Since
all of our signatures are missed in standard searches, our sce-
narios are constrained by this loose bound, so that there is the
possibility to find light scalars in that particular mass range in
the near future.

V. SUMMARY AND CONCLUSIONS

After the discovery of the Higgs-like resonance at around
125 GeV, a further investigation of the resonance’s com-
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FIG. 6: (a) Transverse cluster mass for scenario (c) with the additional requirement Eq. (7), and (b) the resulting branching ratio extraction
along the lines of Sec. IV.

this shape uncertainty as a flat profile which we assume de-
pendent on the integrated luminosity

∆(L) = 10%− 5%
√

L/1000 fb−1 (6)
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theoretical uncertainty in due time.
The expected 95% confidence level exclusion is shown in
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posing an additional cut on the ratio of the fat jet’s trans-
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pT,j/mT,c > 2 . (7)

The resulting mT,c is shown in Fig. 6 together with the pro-
jected BR extraction. While the reduction in statistics eventu-
ally compensates the enhancement in S/B (compare Fig. 6(b)
to Fig. 5(c)), we are able to approximately reconstruct our
light Higgs partnermA = 20 GeV from the jet substructure.
This is only feasible by exploiting visible final state energy
correlations – identical strategies proof unsuitable for scenar-
ios (a), (b) and (d).
A successful and intangible extraction of the light scalar

mass from the associated production channel hence depends
on a good understanding of the background at smallmT,c and
a sizable branching ratio H → AA → scenario (c). Current
fits limit the invisible branching ratio to be BR ! 0.5. Since
all of our signatures are missed in standard searches, our sce-
narios are constrained by this loose bound, so that there is the
possibility to find light scalars in that particular mass range in
the near future.
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After the discovery of the Higgs-like resonance at around
125 GeV, a further investigation of the resonance’s com-

[CE, Spannowsky, Wymant `12]

3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247,248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ −→ V + H (3.1)

vector boson fusion : qq −→ V ∗V ∗ −→ qq + H (3.2)

gluon − gluon fusion : gg −→ H (3.3)

associated production with heavy quarks : gg, qq̄ −→ QQ̄ + H (3.4)

q

q̄

V ∗

•

H

V

•
q

q
V ∗

V ∗

H

q

q

•
g

g

H
Q •

g

g
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Q
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Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.
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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

[Plehn, Spira, Zerwas `96] .... [Dolan, CE, Spannowsky `12]
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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

• inclusive searches hopeless except for rare          

• jet substructure techniques on boosted final states revive  
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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
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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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Motivated by the recently-unravelled sensitivity to di-
Higgs production at the LHC, we perform a comprehen-
sive and comparative analysis of new physics interactions
in LHC di-Higgs and di-Higgs+jet production in this pa-
per. We divide our discussion into two parts. We discuss
resonant di-Higgs(+jet) signatures in Sec. II A, where we
first analyze a simple extension of the Higgs sector via
the so-called Higgs portal [22]. We subsequently discuss
prospects to constrain the MSSM Higgs sector at low
tanβ via resonant production of a heavy Higgs H decay-
ing to hh.
In Sec. III we discuss the phenomenology of non-

resonant new physics contributions to di-Higgs produc-
tion in composite Higgs and dilaton models (to make this
work self-contained we briefly introduce the basics before
we comment on the phenomenology). This broad class
of pseudo-Nambu-Goldstone theories comprises many in-
teresting features in a phenomenologically well-defined
framework. Both these models introduce new degrees
of freedom to di-Higgs and di-Higgs+jet production and
modified trilinear couplings compared to the SM, while
the composite Higgs scenarios also introduce new tt̄hh
interactions. Comparing these models to the SM ex-
pectation provides a consistent framework to constrain
the electroweak symmetry breaking potential with future
measurements at the

√
s = 14 TeV LHC.

Throughout this paper, we produce events and lead-
ing order cross sections using an in-house Monte Carlo
code that is based on the Vbfnlo [23] and Fey-

nArts/FormCalc/LoopTools [24] frameworks.

II. RESONANT NEW PHYSICS: FROM THE
HIGGS PORTAL TO SUPERSYMMETRY

A. Di-Higgs production in the Higgs portal
scenario

The Higgs portal scenario [22] is a convenient and theo-
retically consistent way to generalize the SM in its mostly
unconstrained parameters (such as Higgs boson’s total
and hidden decay width) in a minimal approach [25]. Re-
alizing that Φ†

SΦS transforms as a gauge singlet, where
ΦS is the SM Higgs doublet, there is a plethora of SM ex-
tensions with highly modified and interesting LHC phe-
nomenology [10, 11, 26]. In a ’mirrored’ approach [27]
the Higgs portal potential reads

V = µ2
S |ΦS |2 + λS |ΦS |4 + µ2

H |ΦH |2 + λH |ΦH |4

+ ηχ|ΦS |2|ΦH |2 , (2.1)

where we have introduced a hidden sector Higgs field
ΦH . The Higgs portal model allows to identify a viable
dark matter candidate in the hidden sector [28], whose
potential LHC phenomenology has been explored in [29].
After symmetry breaking, which is triggered by the

Higgs fields acquiring vacuum expectation values (vevs)
|ΦS,H | = vS,H/

√
2, the would-be-Nambu-Goldstone

2mh

mH [GeV]

B
r(

H
→

h
h
)

600500400300200

1

0.1

0.01

0.001

FIG. 1: Mass of the heavy Higgs state H if mh = 125 GeV,
and consistency with S, T, U [30], unitarity and current AT-
LAS/CMS results is imposed. The density of the model points
must not be interpreted as a probability measure.

bosons are eaten by the W±, Z fields and the correspond-
ing directions in the hidden gauge sector, and the only
effect (in unitary gauge) is a two-dimensional isometry
which mixes the visible and the hidden Higgs bosons:

h = cosχHs + sinχHh

H =− sinχHs + cosχHh ,
(2.2)

where χ is a function of the portal potential parameters
Eq. (2.1) (for details see, e.g., [25]). For the remainder
of this section we choose mH > mh = 125 GeV.
Electroweak precision measurements and unitarity re-

quirements of longitudinal gauge boson scattering and
massive quark annihilation to longitudinal gauge bosons
suggest that, if such a model is realized in nature,
then the mixing should preferably be far from maximal,
cosχ2 ≈ 1, which for generic perturbative choices of the
potential λS ,λV , ηχ $ 4π results in a typically small
mass splitting between the physical Higgs states h,H .
Admitting some tuning, a larger mass splitting can be ar-
ranged, which results in a clean LHC phenomenology of
narrow trans-TeV resonances [31]. Small mass splittings
imply a phenomenologically more involved situation since
the light Higgs bosons are produced with small transverse
momentum in di-Higgs production. Nonetheless, given
the vastly enriched Higgs sector phenomenology, we can
still study the Higgs portal in sufficient detail to fully
reconstruct the Higgs potential Eq. (2.1) [25]. Crucial
in this reconstruction algorithm is the measurement of
the invisible Higgs decay branching ratio [10, 32]. It can
be immensely improved by a possible observation of a
cascade decay H → hh. Additional information from ob-
serving all multi-Higgs signatures (and the trilinear cou-
plings especially), if phenomenologically accessible, can
be used to further constrain or even rule out the simple
portal extension.
Expanding Eq. (2.1) around the vacuum expectation

values, we get the trilinear couplings relevant for di-Higgs

electroweak precision data

constraints from direct 
measurements
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FIG. 2: Upper panels: cross sections in the portal scenario for the parameter point mentioned in the text. We scan over the
multiples of the trilinear couplings Eq. (2.3) that are in one-to-one correspondence with diagrams involving the h,H propagators
and show contours relative to the central expectation Eq. (2.4). Lower panels: invariant di-Higgs mass distributions.

production∗:

hhh : 3/2(2λHs3χvH + 2λSc
3
χvS

+ ηχc
2
χsχvH + ηχcχs

2
χvS) , (2.3a)

HHH : 3/2(2λHc3χvH − 2λSs
3
χvS

+ ηχcχs
2
χvH − ηχc

2
χsχvS) , (2.3b)

hHH : 2(3λH − ηχ)c
2
χsχvh + 2(3λS − ηχ)cχs

2
χvS

+ ηχs
3
χvH + ηχc

3
χvS , (2.3c)

hhH : 2(3λH − ηχ)cχs
2
χvH − 2(3λS − ηχ)c

2
χsχvS

+ ηχc
3
χvH − ηχs

3
χvS , (2.3d)

where cχ = cosχ and sχ = sinχ. Current observations
leave open a lot of parameter space for such signatures
to be relevant at the LHC. In Fig. 1 we scan over the pa-
rameters of the Higgs portal potential enforcing unitarity
and electroweak precision constraints, as well as current
limits from the ATLAS and CMS experiments [2, 3]. If

∗Triple Higgs production, which is sensitive to the modified Higgs
quartic couplings yields phenomenologically irrelevant cross sec-
tions just like in the SM [16].

the heavier Higgs mass is mH ≥ 250 GeV, there are pa-
rameter choices such that the sin2 χ suppression of the H
decay to SM matter from Eq. (2.2) renders the prompt
decay of H to observable SM matter subdominant to the
cascade decay H → hh. This can be traced back to large
trilinear couplings O(vH , vS) that arise as a consequence
of electroweak symmetry breaking. Therefore, there is
the possibility to constrain the portal model by measur-
ing the trilinear couplings in resonant and non-resonant
pp → hh, hH,HH +X production.
In Fig. 2, we show a scan over the cross sections

of pp → hh, hH,HH → (visible) as functions of the
involved trilinear couplings for a exemplary parameter
point vS $ 246 GeV, vH $ 24 GeV, mh = 125 GeV, and
mH $ 255 GeV, ΓH = 24 GeV. The central inclusive
cross section values at leading order implying (prompt)
visible final states are

pp → hh+X : 44.4 fb (2.4a)

pp → Hh+X : 5.57 fb (2.4b)

pp → HH +X : 667 ab (2.4c)

(the SM cross section is 16 fb). Comparing to the
NLO QCD corrections in the context of the (MS)SM
by running Higlu [33] and Hpair [34], we can expect
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FIG. 2: Upper panels: cross sections in the portal scenario for the parameter point mentioned in the text. We scan over the
multiples of the trilinear couplings Eq. (2.3) that are in one-to-one correspondence with diagrams involving the h,H propagators
and show contours relative to the central expectation Eq. (2.4). Lower panels: invariant di-Higgs mass distributions.

production∗:

hhh : 3/2(2λHs3χvH + 2λSc
3
χvS

+ ηχc
2
χsχvH + ηχcχs

2
χvS) , (2.3a)

HHH : 3/2(2λHc3χvH − 2λSs
3
χvS

+ ηχcχs
2
χvH − ηχc

2
χsχvS) , (2.3b)

hHH : 2(3λH − ηχ)c
2
χsχvh + 2(3λS − ηχ)cχs

2
χvS

+ ηχs
3
χvH + ηχc

3
χvS , (2.3c)

hhH : 2(3λH − ηχ)cχs
2
χvH − 2(3λS − ηχ)c

2
χsχvS

+ ηχc
3
χvH − ηχs

3
χvS , (2.3d)

where cχ = cosχ and sχ = sinχ. Current observations
leave open a lot of parameter space for such signatures
to be relevant at the LHC. In Fig. 1 we scan over the pa-
rameters of the Higgs portal potential enforcing unitarity
and electroweak precision constraints, as well as current
limits from the ATLAS and CMS experiments [2, 3]. If

∗Triple Higgs production, which is sensitive to the modified Higgs
quartic couplings yields phenomenologically irrelevant cross sec-
tions just like in the SM [16].

the heavier Higgs mass is mH ≥ 250 GeV, there are pa-
rameter choices such that the sin2 χ suppression of the H
decay to SM matter from Eq. (2.2) renders the prompt
decay of H to observable SM matter subdominant to the
cascade decay H → hh. This can be traced back to large
trilinear couplings O(vH , vS) that arise as a consequence
of electroweak symmetry breaking. Therefore, there is
the possibility to constrain the portal model by measur-
ing the trilinear couplings in resonant and non-resonant
pp → hh, hH,HH +X production.
In Fig. 2, we show a scan over the cross sections

of pp → hh, hH,HH → (visible) as functions of the
involved trilinear couplings for a exemplary parameter
point vS $ 246 GeV, vH $ 24 GeV, mh = 125 GeV, and
mH $ 255 GeV, ΓH = 24 GeV. The central inclusive
cross section values at leading order implying (prompt)
visible final states are

pp → hh+X : 44.4 fb (2.4a)

pp → Hh+X : 5.57 fb (2.4b)

pp → HH +X : 667 ab (2.4c)

(the SM cross section is 16 fb). Comparing to the
NLO QCD corrections in the context of the (MS)SM
by running Higlu [33] and Hpair [34], we can expect
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Phenomenology in the age after Higgs discovery
= Swiss Army Knife of particle theory

model-building

Monte Carlo
development

higher-order 
computations

applied
advanced statistics
 & interpretation

new realistic 
analysis

strategies
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with experiments
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SUMMARY

• new states in the TeV region induce high mass scales and modifications of 
distributions at large transverse momenta

• boosted final states offer an efficient handle to reduce backgrounds

• jets are a theoretical necessity but also storytellers 

• methods to suppress UEV, pile-up etc. exist and validated (to some degree): 

• filtering

• trimming

• pruning

24

• tools available!

• Parton-level calculations, showers, event generators:                               
Mcfm, Vbfnlo, Herwig(++), Sherpa, Pythia, MadEvent, ....

• jet clustering, subjet algorithms/analyses: FastJet, SpartyJet, Rivet, ....

make use of the

hands-on session!


