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Large separation between ELW and NP 
scale at core of Naturalness problem

MSSM parameters:

Natural SUSY wants:

Some separation of scales 
more problematic than others

• Little Hierarchy problem (Rel. heavy MSSM Higgs)

• Direct Searches and indirect constraints (LEP, LHC, Flavor…)

[Papucci, Ruderman, Weiler JHEP 1209]
[Barbieri, Giudice Nucl.Phys.B 306]
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV

ICHEP 2014

lspm⋅+(1-x)motherm⋅ = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit
4

Direct searches already constrain light SUSY
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In general, non-observation of resonances 
in tension with natural MSSM

Forces us into boosted regimes

EW EWJets Jets

high pT high pT

Proton

Proton

BSM
very heavy

If new physics ‘talks’ to EW scale resonances Boosted tops, W, Z, H



However, at the LHC many sources of radiation:

• Pileup

• Underlying Event

• Initial state radiation (ISR)

• Hard radiation from many resonances in event

Jet mass and internal structure will be affected by these sources

20

III. QCD EFFECTS

Hadronic final states of hard interactions resulting form proton-bunch crossings at the LHC are subject to
many sources of QCD radiation. Final state radiation are soft and collinear jets radiated o↵ the produced
particles, in our case the top quark. It can be described well using the parton shower, and radiation o↵
heavy states is suppressed. Initial state radiation are soft and collinear jets from initial state radiation,
arising because the incoming partons have to bridge the gap in scale between the proton and the hard
process. In the collinear limit they are also well described by the parton shower, in the harder regime they
require matrix element corrections [17].

Underlying event is additional soft QCD activity arising from a given proton-proton interaction and sur-
rounding the hard event. It is caused by semi- or non-perturbative interactions between the proton remnants.
The soft continuous underlying event radiation can have a large e↵ect on the jet mass and critically depends
on the size R of the fat jet [57]
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At the LHC, the amount of transverse momentum of the underlying event radiation per unit rapidity, ⇤
UE

,
is roughly O(10) GeV [58].

Finally, pile-up is the e↵ect of multiple proton-proton collisions in one beam crossing. Its e↵ects are already
observed now and are expected to become even harder to deal with once the LHC runs at design energy and
design luminosity. Pile-up can add up to 100 GeV of soft radiation per unit rapidity [59].

As discussed in Sec. II the kT and C/A algorithms, for a virtuality and an angular ordered shower, aim to
reverse the shower evolution. Approximately, they preserve the physical picture of the jet evolution from the
hard scale to the hadronization scale in the recombination sequence. Initial state radiation, underlying event
and pile-up spoil this picture and add noise to the jet clustering. Jet-mass-based algorithms using subjets
as part of the reverse-engineered cluster history are sensitive to a distortion by uncorrelated soft radiation.

An additional complication in identifying events with hadronically decaying electroweak resonances is that
splittings of quarks and gluons can geometrically induce a large jet mass,

⌦
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j1j2 , (26)

where Ci = 3 (4/3) are the color factors for gluon (quark) induced jets [60]. For very hard jets this value
can become of the order of the electroweak scale. This makes initial state radiation associated with heavy
particle production dangerous, in particular in events with generically large jet multiplicity. For the top
tagger it also means that while pT,j and R are required to be large to capture all decay products, they should
not become too large.

To discriminate a hadronically decaying heavy resonance from a QCD jet, e.g. using its invariant mass,
all final state radiation has to be properly recombined. This implies that we can separate it from initial state
radiation, underlying event and pile-up. While underlying event and pile-up tend to be soft compared to the
decay products of a boosted resonance, initial state radiation is not [32]. Its typical transverse momentum
can be of the same order as a W decay jet, in particular for moderately boosted top quarks. Therefore,
di↵erent substructure approaches are needed to cope with underlying event/pile-up and with initial state
radiation.

Jet grooming methods, like filtering (Sec. III A), trimming (III B) and pruning (Sec. III C), remove soft
uncorrelated radiation from a fat jet while retaining final state radiation o↵ the resonance. For QCD jets
grooming methods reduce the upper end of the jet mass distribution, whereas for signal events they yield
a sharper peak near the true resonance mass mj = m

res

. To keep these methods generic it is implicitly
assumed that for boosted heavy particles pT,FSR > pT,(ISR,UE,PU)

. Thus, the transverse momentum of the
subjets is an important criterion to discriminate between final state radiation and other radiation. Using
soft-collinear e↵ective theory it has recently been shown that under certain conditions grooming techniques
factorize [61].

As a matter of fact, the problem of QCD e↵ects inside geometrically large jets was early on noticed by
the authors of Ref. [62]. This is why their ‘top tagger’ is based on narrow kT jets for the top decay products
which are then combined in the spirit of the C/A-algorithm.

with
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Can add up to 100 GeV of soft radiation per unit rapidity

[Dasgupta, Magnea, Salam JHEP 0802]

[Cacciari, Salam, Sapeta JHEP 1004]
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Template Overlap Method [Almeida, Lee, Perez, 
Sterman, Sung PRD 82]

[Almeida et al PRD 85]

[Backovic, Juknevich, 
Perez JHEP 1307]

Used in [ATLAS, JHEP 1301]
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Protons

we will have the best statistical significance for a measurement if we make �C(B) as small as
possible. Thus we seek to choose the cut so as to minimize �C(B) with �C(S) held constant.
The solution to this problem is to choose C({p, t}N) such the surface C({p, t}N) = 0 is
a surface of constant ⇥MC({p, t}N). That is, we should use signal and background cross
sections in which the function that defines the cut is taken to be

C({p, t}N) = ⇥MC({p, t}N)� ⇥0 (8)

for some ⇥0. If we make any small adjustment to this by removing an infinitesimal region
with ⇥MC({p, t}N) > ⇥0 from the cut and adding a region having the same signal cross
section but with ⇥MC({p, t}N) < ⇥0, we raise the total background cross section within the
cut while keeping the signal cross section the same. Thus using contours of ⇥MC({p, t}N) to
define our cut is the best that we can do.

What value of ⇥0 should one choose? For a simple optimized cut based analysis with a
given amount of integrated luminosity, one would choose ⇥0 so as to maximize the ratio of the
expected number of signal events to the square root of the expected number of background
events. We discuss this further in Sec. XI.

Instead of using an optimized cut on ⇥MC to separate signal from background, one could
imagine using a log likelihood ratio constructed from ⇥MC. We do not discuss that method
in this paper.

Now we must face the fact that to construct ⇥MC({p, t}N), we would need two things:
the di�erential cross section to find microjets {p, t}N in background events and then the
di�erential cross section to find microjets {p, t}N in signal events. In each case, we would
consider this di�erential cross section in a parton shower approximation to the full theory.
Unfortunately for us, a parton shower produces d�MC(S)/d{p, t}N and d�MC(B)/d{p, t}N by
producing Monte Carlo events at random according to these distributions. If we have 10
microjets described by 4 momentum variables each and we divide each of these 40 variables
into 12 bins, then we have approximately 1240/10! ⇥ 1036 total bins (accounting for the
interchange symmetry among the 10 microjets). The parton shower Monte Carlo event
generator will fill these bins with events, but it will be a long time before we have of order
100 counts per bin in order to estimate d�MC(S)/d{p, t}N and d�MC(B)/d{p, t}N at each bin
center. Thus it is not practical to calculate ⇥MC({p, t}N) numerically by generating Monte
Carlo events. It is also not practical to calculate ⇥MC({p, t}N) analytically using the shower
algorithms in Pythia or Herwig. These programs are very complicated, so that we have
no hope of finding PMC({p, t}N |S) and PMC({p, t}N |B) for either of them.

D. Probabilities according to simplified shower

What we need is an observable ⇥({p, t}N) that is an approximation to ⇥MC({p, t}N) such
that we can calculate ⇥({p, t}N) analytically for any given {p, t}N . For this purpose, we
define a simple, approximate shower algorithm, which we will call the simplified shower
algorithm. We let P ({p, t}N |S) and P ({p, t}N |B) be the probabilities to produce the mi-
crojet configuration {p, t}N in, respectively, signal and background events according to the
simplified shower algorithm. Define

⇥({p, t}N) =
P ({p, t}N |S)
P ({p, t}N |B)

. (9)

6

If we can calculate phenomenology solved

Event/Shower Deconstruction

Event/Shower Deconstruction aims to calculate    as precisely as possible

[Soper, MS PRD 84]
[Soper, MS PRD 87]
[Soper, MS PRD 89]

S/B ' 1/3 (498)

gWWhh = e2/(2s2w) (499)

gZZhh = e2/(2s2w) (500)

VLVL ! hh (501)

ghhh ⇠
p

1� ⇠ (502)

ghhh ⇠ 1� 2⇠p
1� ⇠

(503)

� (504)

35
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QCD vs boosted tops

good

bad
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Direct boosted stop production:
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5 sigma reach predicted 

(no substructure)

• Analogous in chargino, 
neutralino pair productions

[CMS 1307.7135]

[Plehn, MS, Takeuchi, Zerwas JHEP 1010]
[Plehn, MS, Takeuchi JHEP 1208]
[Kaplan, Rehermann, Stolarski JHEP 1207]

Projection for 100 TeV machine

[Cohen et al. JHEP 1411] 

Reach can be 
considered 

conservative
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Production from Gluino decays:

5 sigma

[CMS 1307.7135]

Large CS increase at 14 TeV

(no jet substructure)
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[Han, Katz, Son, Tweedie PRD 87]
[Alanach, Gripaios JHEP 1205]

RPV and resonance searches

• for direct RPV stop production see also [Bai, Katz, Tweedie JHEP 1401]

• Depending on mass of gluino and stop: tops are soft -> accidental substructure
[Cohen, Izaguirre, Lisanti, Lou JHEP 1303]

• For RPV Neutralino decays see [Butterworth, Ellis, Raklev, Salam PRL 103] [ATLAS-CONF-2013-091]

Existing limits

• for lepton-number violating interaction see [Biswas, Ghosh, Niyogi JHEP 1406]
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FIG. 2: E�ciencies for tagging a) top quarks and b) C/A R = 0.8 calorimeter fat jets.
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FIG. 3: Top quark mass reconstructed with the HPTTopTagger in two bins of the calorimeter fat

jet pT .

The HPTTopTagger is not sensitive to the imperfect knowledge of charged particle pro-

duction. Measurements of the jet fragmentation function and comparisons with di↵erent

generators have been reported in [48]. The di↵erence between PYTHIA 8 and HERWIG++

2.5 gives a conservative estimate of the di↵erence in charged particle production. The ef-
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Very large mass hierarchies: 

When the calorimeter is just not good enough
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• Perform top tagging based on tracks
Idea:

• Do local recalibration -> stretch track. mom by

Calo tower size
which is based exclusively on tracks. Fortunately, while no calibrations exist for subjets

with R < 0.2, the energy of the fat jet can be calibrated to good precision [37] and the

inverse of the energy fraction carried by charged tracks

↵j =
E

jet

E

tracks

(1)

can be measured for each jet individually, thereby eliminating the sensitivity to fluctuations.

Our tagger for highly boosted top quarks uses elements of the HEPTopTagger which do

not introduce artificial mass scales in background events, i.e., we do not consider all possible

three subjet combinations until we find a top-like structure. Such drastic measures might be

necessary when the small boost of the top requires to use a very large jet cone to capture all

decay products. In case of a highly boosted top quark the decay products are confined in a

small area of the detector and the amount of additional radiation inside a Cambridge-Aachen

(C/A) jet [28] with R = 0.8 is usually not excessive2.

To reconstruct highly boosted top quarks we propose the following procedure, labelled

for later reference as HPTTopTagger algorithm:

1. define a jet j using the C/A algorithm with R = 0.8 from calorimeter clusters.

2. take the tracks with pT > 500 MeV that are associated with j and recombine them to

a track-based jet jc.

3. calculate ↵j of Eq.(1) using j and jc.

4. apply the mass drop procedure introduced in []: undo the last clustering of the track-

based jet jc into two subjets jc1, jc2 with mjc1 > mjc2 . We require mjc1 < 0.8 mjc to

keep jc1 and jc2. If this condition does not hold we keep only jc1. Each subjet jci we

further decompose unless mjci < 20 GeV. The remaining subjets we add to the list of

relevant substructures.

5. if we find fewer than two remaining subjets we consider the tag to have failed. Else,

we take the constituents of all subjets surviving the mass drop procedure and multiply

their momenta by ↵j each.

2 The amount of additional radiation strongly depends on the cone size [] but also the overall hadronic

activity of the event and the color flow of the underlying hard interaction [? ]

5

Available tool: HPTTopTagger

High-pT performance 
deterioration due to 
conservative track 
separation of R=0.05

A friendly warning, 

particularly for ATLAS

[Schaetzel, MS PRD 89 (2014)]
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• Squarks and Gluinos have large production CS

• Highly characteristic final state -> easy to trigger

• Many handles to suppress SM backgrounds

• Sparticles are heavy -> boosted Higgs/gauge bosons

h

hh

h

Q̃, g̃

Q̃, g̃

Higgs in a cascade

• Squarks/gluinos carry color, so they have a large production 
cross section despite being heavy

• Sparticles cascade decay, decay products can include Higgses

• Sparticles are heavy --> light decay products (h!) tend to be 
boosted

• All events have MET --> powerful discriminant vs. SM

a new source of 
boosted Higgses=

(Butterworth, Ellis, Raklev ’07)
Thursday, June 24, 2010

SUSY through the Higgs window

I. Production in SUSY cascades

Similar approach possible 
for Z and W
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Boosted Higgses in MSSM

the Higgsinos and mix minimally to the rest of the gaugi-
nos throughout. As a result, the heavier mass eigenstates
(⇥0

4 and ⇥±
2 ) are mostly winos. As indicated in Plot I in

Fig. 1, winos decay significantly to the lightest Higgs bo-
son. In fact, for M2 � 300 GeV, wino decay follows the
“Goldstone region”: roughly 3/4 of the time the wino
decays into longitudinal W/Z and 1/4 of the time it de-
cays into the lightest Higgs boson. For a large part of
the parameter space the mass gaps between ⇥0

3 and ⇥0
1,2

are not large enough to allow a two-body decay into the
lightest Higgs boson. Once outside the kinematically for-
bidden zone, however, the branching ratio of the decay
⇥0
3 ⇤ h + ⇥0

1,2 rises quickly with increasing M1. In this
region, M1/µ is large and ⇥0

3 is mostly a bino.
The same spectrum is used to generate plot I in Fig. 2.

Note that the right-handed squarks decay mostly to the
bino and so Pq̃Rh looks almost identical to the branch-
ing ratio of ⇥0

3 decaying to Higgs boson. Similarly, the
left-handed squarks decay mainly to the winos and Pq̃Lh

follows the partial decay width of ⇥0
4 and ⇥±

2 to Higgs
bosons. The other feature to note in this plot is that
Pq̃Lh goes down for large M1, signifying that the decays
of squark to quark plus wino are beginning to be a�ected
by kinematical suppression from the heavy wino.

Plots II in Figs. 1,2 are similar to Plots I except that
slightly heavier Higgsinos (|µ| = 200 GeV) are used.
Larger M1/µ is needed in order to open up ⇥0

3 decays
to Higgs bosons. A curious rise is seen in ⇥0

4 decays for
small M1. It is an artifact of decays ⇥0

4 ⇤ W± + ⇥�
1

shutting down, thereby, causing total decay width of ⇥0
4

to shrink. This feature is more prominent for negative
µ. Even if all parameters in the chargino mass matrices
are held fixed, taking M2 to have the opposite sign of µ
reduces the splitting among the mass eigenvalues. This
results in heavier ⇥±

1 and prevents the two-body decay
⇥0
4 ⇤ W± + ⇥�

1 decays even for heavier ⇥0
4. Once again,

Pq̃Lh and Pq̃Rh follows the partial decay width of winos
and bino respectively. One thing to note is that even
though there is a sharp rise in ⇥0

4 and ⇥±
2 partial widths

for small M1, there is no such curious feature in Pq̃Lh. In
this limit, M2 ⇥ |µ| and decays of squarks to ⇥0

4 and ⇥±
2

su�er because of rising Higgsino content in them.
Finally, for Plot III in Figs. 1,2, all parameters are

the same as Plots I except that the sleptons are taken
be lighter, in this case, 500GeV. As the wino mass is
increased above this value, the wino-like neutralino and
charginos begin to decay into slepton modes, reducing
the branching fraction to the lightest Higgs boson.

2. Boost of a Higgs boson in a Superpartner Cascade

In a typical cascade, a Higgs boson appears from the
decay of a massive superpartner. The large release in rest
mass results in a large recoil energy, i.e., Higgs bosons
from superpartner decays are naturally boosted. This is
demonstrated in Fig. 3, which shows that a significant
fraction of Higgs bosons are boosted with pT > 200 GeV

(and even with 300 GeV, as shown). The boost was found
by generating samples of 5000 supersymmetric events at
di�erent values of M1/µ using PYTHIA v6.4 [32], and
plotting the Higgs transverse momenta.
Both of the plots in Fig. 3 are made with µ = 150 GeV,

tan� = 10 and all squarks with mass of 1 TeV. Sleptons
have mass of 1 TeV in plot I and 500 GeV in plot II. The
presence of light sleptons reduces the fraction of super-
symmetric production that leads to a boosted Higgs bo-
son in the cascade. This is due not only does the overall
lower fraction of Higgs bosons appearing in the cascades
(see plot IIIA and IIIB in Fig. 2) when heavy neutralinos
and charginos decay to them, but also fewer of the Higgs
bosons in the decay chain are boosted.

FIG. 3. The fraction (in %) of boosted Higgs bosons as a
function of M1/µ with M2 = 2M1, µ = 150 GeV and tan� =
10 in samples of events generated by PYTHIA. In the plots
the red and dotted lines represent the percentages of Higgs
bosons with pT > 200 GeV and the green dot-dashed lines
represent the fraction of Higgs with pT > 300 GeV. In the
left Figure the squark masses are 1 TeV, while in the right
Figure the squark masses are 750 GeV. All other relevant soft
supersymmetric breaking masses are kept at or above 1 TeV.

B. Smaller mA

The second interesting regime of the Higgs sector that
we consider is smaller mA, where

mA < min(|M2 � µ|, |M1 � µ|) . (16)

There are really two distinct regimes of smaller mA:
the first is when all the Higgs mass eigenstates
(h,H,A and H±) are comparable in mass and the CP
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Potentially large fraction of 
boosted Higgs bosons

[Kribs et al, PRD 81]
[Kribs et al, PRD 82]
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[Ghosh PRD 88] 
Another realisation:  The H-bomb

•      difficult to access due to 
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S/B ' 1/3 (498)

gWWhh = e2/(2s2w) (499)

gZZhh = e2/(2s2w) (500)

VLVL ! hh (501)

ghhh ⇠
p

1� ⇠ (502)

ghhh ⇠ 1� 2⇠p
1� ⇠

(503)

� (504)

mt̃1 ' m�0
1

(505)

˜t1 (506)

˜t2 (507)

35

S/B ' 1/3 (498)

gWWhh = e2/(2s2w) (499)

gZZhh = e2/(2s2w) (500)

VLVL ! hh (501)

ghhh ⇠
p

1� ⇠ (502)

ghhh ⇠ 1� 2⇠p
1� ⇠

(503)

� (504)

mt̃1 ' m�0
1

(505)

˜t1 (506)

˜t2 (507)

BR(

˜t2 ! ˜t1 h/Z) (508)

35

S/B ' 1/3 (498)

gWWhh = e2/(2s2w) (499)

gZZhh = e2/(2s2w) (500)

VLVL ! hh (501)

ghhh ⇠
p

1� ⇠ (502)

ghhh ⇠ 1� 2⇠p
1� ⇠

(503)

� (504)

mt̃1 ' m�0
1

(505)

˜t1 (506)

˜t2 (507)

BR(

˜t2 ! ˜t1 h/Z) (508)

BR(

˜t1 ! c�0
1) (509)

35

dominating

soft jet + MET

where can be large
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• Large mass splitting       helps with Higgs mass

S/B ' 1/3 (498)

gWWhh = e2/(2s2w) (499)

gZZhh = e2/(2s2w) (500)

VLVL ! hh (501)

ghhh ⇠
p

1� ⇠ (502)

ghhh ⇠ 1� 2⇠p
1� ⇠

(503)

� (504)

mt̃1 ' m�0
1

(505)

˜t1 (506)

˜t2 (507)

BR(

˜t2 ! ˜t1 h/Z) (508)

BR(

˜t1 ! c�0
1) (509)

�t̃2 t̃1h ⇠
✓

2

3

sin

2 ✓W � 1

4

◆

cos(2�)
2mtXt

m2
t̃1
�m2

t̃2

+

mt

2m2
Z

m2
LL �m2

RR

m2
t̃1
�m2

t̃2

(510)

�t̃2 t̃1Z ⇠ g

2mW
mtXt (511)

⇠ Xt (512)

35

S/B ~ 1 with S ~ 0.2 fb 

for 
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II. Boosted Higgs boson III. Off-shell Higgs

• Not model-independent Higgs-width 
measurement

• But probe of new physics in large mZZ,  
i.e stops

[Englert, MS PRD 90] 

[Azatov et al 1406.6338]
[Cacciapaglia et al 1406.1757]

[Englert, Soreq, MS 1410.5440]

• Though reconstruction of boosted Higgs tough

• Boosted Higgs probe ggH loop
[Harlander, Neumann PRD 88]
[Banfi, Sanz, Martin JHEP 1408]

[Grojean, Savioni, Schlaffer Weiler JHEP 1405]

[Schlaffer, MS, Takeuchi, Weiler, Wymant EPJC 74]
[Buschmann, Englert, Goncalves, Plehn, MS PRD 90]
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IV. HH final states:
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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]
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which upon expansion leads to
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3πv
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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.
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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.

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

[Dolan, Englert, MS PRD 87]
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Quark-Gluon discrimination

Can help in many processes
not only cascade decays

Combine many observables to 
separate “gluon-” from “quark-jets” 

However, observables proposed depend a 
lot on the global event structure,  

i.e. large difference between photon+jet 
and dijet events

[Gallicchio, Schwartz PRL 107]
[Larkoski, Thaler, Waalewijn 

1408.3122]
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Lepton-Jets
Motivated by

• Non-minimal field content, e.g. extra U(1)
• NMSSM singlino:
• GEV scale Dark Higgs/gauge bosons:

Lepton-jets might fail lepton-isolation criteria Need dedicated search!

E.g reconstruct lepton-jets using 
mini-isolation within jet

Searches performed by ATLAS and CMS
Constraints in sigma x BR highly kinematics and 
mediator dependent

[Strassler, Zurek PLB 661]
[Falkowski, Ruderman, Volansky, 

Zupan JHEP 1005]
[Cheung, Ruderman, Wang, 

Yavin PRD 80]

[ATLAS, 1409.0746]
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Comment by Lian-tao on Friday, resounded by Nima 

“Worried to have missed small signal”

I. Signal CS small, e.g. rare decay, but clean channel
Challenge: Have we missed something?

see e.g. [Curtin et al, PRD 90]

II. Signal small compared to background, e.g. stealth SUSY, boost

Challenge: Have we optimal reconstruction, S/B separation
Experimentalists freeze reconstruction and 
inject different signals. Certainly not optimal!

If mass scales varied need invariant reconstruction,  
only some first attempts [Gouzevitch et al. JHEP 1307]

[Azatov, Slavarezza, Son, MS PRD 89]
[Maboubani, Schlaffer, Son, MS, Weiler in prep.]
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Summary

• Even quite natural SUSY allows for separation of mass scales

Boosted electroweak scale resonances
Necessity to probe during upcoming LHC Runs

• Strong progress in understanding and improving reconstruction of 
final states

• Higgs boson opens a window to detect/constrain/study SUSY, 
either directly or indirectly

Still, we are worried to have missed signal
Reconstruction improvements still measured in factors, not %
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