
Higgs searches 
at SLAC

Tim Barklow, Su Dong, Caitlin Malone, 
Michael Kagan, Giacinto Piacquadio  

SLAC ATLAS/Theory Jamboree

1



What we’re looking for…
• SM H → bb, in Higgs-strahlung

• One of the most elusive Higgs decay  
channel at LHC

• But the one the Higgs boson (supposedly)  
most frequently decays into

• H/X → HH → 4 b-jets

• In the future hope to access Higgs self-coupling

• Now: look for BSM heavy X resonances to HH

• (b)bH, H → bb in (x)MSSM or 2HDM models

• First analysis in ATLAS

• Quite a few searches involving b-jets reconstruction, where we have >4 people 
very active also on the performance side (not covered in this talk).

• SM H → bb search now published, remaining ones still in ATLAS review.
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Summary 
!  Recent updates of major channels presented  

!  Many improvements from our previous 
results for all channels  

!  6.1σ Observation in H!WW!lvlv 
channel (3.2σ VBF H!WW!lvlv) 

!  4.5σ in H!ττ channel 
" Signal strength measurement :                      

No significant deviation from SM                         
" Coupling Combination being finalized 

More Run1 final results to come this year 

Stay Tuned!! 
2014/10/07 LHC Seminar  
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Is it a SM Higgs boson?
The observation of a Higgs boson-like resonance and the determination of its 
mass would be a great achievement, but is not enough to claim the discovery of 
the Higgs boson.

An important step in this discovery is the measurement of the Higgs boson 
properties, which are completely determined by the SM once the mass is fixed.

A crucial step in this is the measurement of the Higgs couplings to bosons and 
fermions.

At LHC these couplings cannot be measured directly, but, based on the “narrow 
width approximation”, in each channel:

where the partial decay widths at tree level
are proportional to the coupling squared.

Main problem for light Higgs bosons:

● Total decay width not directly accessible 
at LHC.

σYY → H ḂR(H → XX )≈ΓY

ΓX

ΓH Simulation

[M. Duehrssen,
 ATL-PHYS-2003-30]

ΓH→Z∗Z∗→4f = 3 · ΓH→νeνeνµνµ + 3 · ΓH→ee+µµ+ + 9 · ΓH→νeνeµµ+

+ 3 · ΓH→νeνeνeνe + 3 · ΓH→ee+ee+

+ 6 · ΓH→νeνeuu + 9 · ΓH→νeνedd + 6 · ΓH→uuee+ + 9 · ΓH→ddee+

+ 1 · ΓH→uucc + 3 · ΓH→ddss + 6 · ΓH→uuss + 2 · ΓH→uuuu

+ 3 · ΓH→dddd ,

ΓWW/ZZ−int. = 3 · ΓH→νee
+eνe − 3 · ΓH→νeνeµµ+ − 3 · ΓH→νee

+µν̄µ

+ 2 · ΓH→uddu − 2 · ΓH→uuss − 2 · ΓH→udsc .

2.1.2 BR Results for Higgs masses

In this section we provide results for the BRs of the SM Higgs boson, using a particularly fine grid of
mass points close to MH = 126 GeV. The results are generated and presented in complete analogy to
the predictions in Refs. [14], including the error estimates for each BR. In the error estimates, we have
identified and removed inconsistencies in the calculation of the numbers presented in Refs. [14]. The
corresponding changes in the error estimate are at the level of one percent for mH > 135 GeV. For
mH > 500 GeV the changes increase for some decay modes, in particular for H → tt. The central
values of the BRs are not affected.

The fermionic decay modes are shown in Table A.1 to Table A.7. The bosonic decay modes
together with the total width are given in Table A.8 to Table A.14. The same information (including the
full uncertainty) is also presented graphically in Figure 2 for the low-mass region (left) and for the full
mass range (right).
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Fig. 2: Higgs branching ratios and their uncertainties for the low mass range (left) and for the full mass range

(right).

2.1.3 BR Correlations for Higgs masses close to 126 GeV

In this section, we focus on the error correlations for the different BRs. The reason for the correlations is
two-fold: Varying the input parameters within their error bands will induce shifts of the different partial
widths and the resulting BRs in a correlated way. Moreover, there is trivial correlation between the BRs
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Measurement of Higgs couplings
The measurement of the absolute Higgs couplings requires to constraint 
the total Higgs boson decay width:

● Upper limit from fulfilling unitarity in WW scattering
(valid for arbitrary number of Higgs singlets and doublets)

→ g2(H,W) ≤ g2(H,W,SM)

● Lower limit from the sum of all visible decay widths

For low Higgs boson masses, >50% of the Higgs decays are in b-quarks.

Measuring H → bb decays is crucial to constraint all Higgs couplings!

ΓH≥ΓW+ΓZ+Γg+Γτ+Γb
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One motivation for H to bb
• At the LHC the Higgs Higgs couplings can’t be measured directly 
 

• A measurement of absolute couplings is possible if the total width is bound

• Upper limit from fulfilling unitarity in WW scattering  
(valid for SM and a large class of BSM models)  
 
 
 
 
 
  

• Lower limit from sum of all “visible” decay modes 

• At ~125 GeV Higgs boson width is expected to be  
dominated by H to bb (BR ~ 60%)

• Precise determination of H to bb  
important for extracting absolute couplings!3

Table 41: Approximate numerical values for resolving the H → Zγ decay partial width according to Eq. (114).

All values are given in eV.

mH Γtt
(Zγ) Γbb

(Zγ) ΓWW
(Zγ) Γtb

(Zγ) ΓtW
(Zγ) ΓbW

(Zγ) Γττ
(Zγ) Γtτ

(Zγ) Γbτ
(Zγ) ΓτW

(Zγ)

125 GeV 21.74 0.019 7005.6 −1.11 −780.4 19.90 1.5 × 10−5 −0.033 0.0010 0.594
126 GeV 23.51 0.020 7648.4 −1.19 −848.1 21.47 1.6 × 10−5 −0.035 0.0011 0.640

10.2.2.5 Scaling of the total width

The total width ΓH is the sum of all Higgs partial decay widths. Under the assumption that no additional
BSM Higgs decay modes (into either invisible or undetectable final states) contribute to the total width,
ΓH is expressed as the sum of the scaled partial Higgs decay widths to SM particles, which combine to
a total scale factor κ2

H compared to the SM total width ΓSM
H :

κ2
H(κi,mH) =

∑

j = WW(∗),ZZ(∗),bb, τ−τ+,
γγ,Zγ, gg, tt, cc, ss, µ−µ+

Γj(κi,mH)

ΓSM
H (mH)

(115)

Effective treatment
In the general case, additional Higgs decay modes to BSM particles cannot be excluded and the total
width scale factor κ2

H is treated as free parameter.

The total width ΓH for a light Higgs with mH ∼ 125 GeV is not expected to be directly observable
at the LHC, as the SM expectation is ΓH ∼ 4 MeV, several orders of magnitude smaller than the experi-
mental mass resolution [13]. There is no indication from the results observed so far that the natural width
is broadened by new physics effects to such an extent that it could be directly observable. Furthermore, as
all LHC Higgs channels rely on the identification of Higgs decay products, there is no way of measuring
the total Higgs width indirectly within a coupling fit without using assumptions. This can be illustrated
by assuming that all cross sections and partial widths are increased by a common factor κ2

i = r > 1. If
simultaneously the Higgs total width is increased by the square of the same factor κ2

H = r2 (for example
by postulating some BSM decay mode) the experimental visible signatures in all Higgs channels would
be indistinguishable from the SM.

Hence without further assumptions only ratios of scale factors κi can be measured at the LHC,
where at least one of the ratios needs to include the total width scale factor κ2

H. Such a definition of ratios
absorbs two degrees of freedom (e.g. a common scale factor to all couplings and a scale factor to the
total width) into one ratio that can be measured at the LHC.

Assumptions for absolute coupling scale factor measurements
In order to go beyond the measurement of ratios of coupling scale factors to the determination of absolute
coupling scale factors κi additional assumptions are necessary to remove one degree of freedom. Possible
assumptions are:

1. No new physics in Higgs decay modes (Eq. (115)).

2. κW ≤ 1, κZ ≤ 1 [307, 309, 377]. This assumption is theoretically well motivated in the sense that
it holds in a wide class of models. In particular, it is valid in any model with an arbitrary number
of Higgs doublets, with and without additional Higgs singlets. The assumption is also justified in
certain classes of composite Higgs models, while on the other hand it may be violated for instance
in Little Higgs models, in particular in the presence of an isospin-2 scalar multiplet [414].

137

[YR3, CERN-2013-004]



The VH analysis
• Three leptonic signatures:

• Missing ET

• 1-lepton + Missing ET

• 2-leptons

• Main analysis selection criteria:  
 
 
 
 
 
 
 
 

4

1-lepton 2-lepton 0-lepton

• Jets reconstructed  
with an AntiKt4  
jet algorithm.

• Leading two jets in 
pT used to form  
Higgs candidate.  

225 GeV
27 GeV

2 2

Acceptance:                        ~4.2%                                        ~13.4%                                     ~4.0%

• Categories with no or one additional jets.

2100 GeV



Ingredients: (1) mass
• Std antiKt R=0.4 jets

• Use Global Sequential 
Calibration as basis (already 
~5% improvement w.r.t.  
EM jets)

• Then add muon-in-jet

• For 2-lepton channel, run full 
kinematic fit

• Exploit closed kinematics 
of llbb system (maximize  
likelihood)

2
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Figure 35. Dijet-invariant-mass distribution for the decay products of a Higgs boson with mH =

125 GeV in the 2-lepton MVA selection. The distributions are shown (a) using jets after global
sequential calibration (GSC, solid), and after adding muons inside jets (dotted) and after correcting
for resolution effects specific to the kinematics of the decay of a Higgs boson with mH = 125 GeV
(dash-dotted); (b) using jets after global sequential calibration (GSC, solid), and after adding
muons inside jets and applying the kinematic fit (dash-dotted). The distributions are fit to the
Bukin function [98] and the parameter representing the width of the core of the distribution is
shown in the figures, as well as the relative improvement in the resolution with respect to jets after
the global sequential calibration.
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IP based (IP3D)
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• R = 1 / efficiency

• Optimized to reject c-jets

• Simultaneous use of  
several working points.

• Dedicated calibration with  
reduced uncertainties (~2-3%).

JetFitterOne vertex (SV1)

NN (MV1c)

ε(B) R(c) R(light)
80% ~3 ~29
70% ~5.3 ~136
60% ~10.5 ~450
50% ~26 ~1400

Ingredients: (2) b-tagging



Analysis categories
• Three channels: 0-lepton, 1-lepton and 2-lepton 

• Two pT(W/Z) regions 
• <120, >120 GeV 

• Four b-tag regions (1-tag, LL,MM,TT) 

• Two jet bins (2 and 3 jets) 

• Discriminating variables in fit 
• 1-tag: MV1c 
• 2-tag: BDT  
 
 

The VH(bb) Analysis
3

• Three channels

• Two pTV regions
• <120 GeV, >120 GeV

• Four b-tag regions:
• 1-tag, 2-tag (LL, MM, TT)

• Discriminating variables
• 1-tag: MV1c
• 2-tag: BDT
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Main backgrounds

8

1-lepton 2-lepton0-lepton 
 
 
 

• W/Z+jets (mainly +bb/cc/cl)

• Top background (especially 1- and 0-lepton)

• Diboson (W/Z+Z to bb)

• QCD (data-driven estimates)



W+jet, Z+jet backgrounds

9

1-lepton 2-lepton0-lepton

• High statistics control regions are the 0- and 1-tag regions

• Residual contamination from top bkg in 0- and 1-lepton  
 
 
 
 

• The MV1c distribution in the 1-tag regions is  
used to obtain the fractions of W+ and Z+cl,  
cc/cb/bb from data.
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Process Scale factor
tt 0-lepton 1.36± 0.14

tt 1-lepton 1.12± 0.09

tt 2-lepton 0.99± 0.04

Wbb 0.83± 0.15

Wcl 1.14± 0.10

Zbb 1.09± 0.05

Zcl 0.88± 0.12

Table 7. Factors applied to the nominal normalisations of the tt, Wbb, Wcl, Zbb, and Zcl back-
grounds, as obtained from the global MVA fit to the 8 TeV data. The tt background is normalised
in the 2-jet category independently in each of the lepton channels. The errors include the statistical
and systematic uncertainties.

As described in detail in section 8, a large number of sources of systematic uncertainty1007

are considered. The number of nuisance parameters is even larger because care is taken to1008

appropriately uncorrelate the impact of the same source of systematic uncertainty across1009

background processes or across regions accessing very different parts of phase space. This1010

avoids unduly propagating constraints. For instance, the tt background contributes quite1011

differently in the 2-tag 3-jet regions of the 0- and 1-lepton channels on one side, and of1012

the 2-lepton channel on the other. In the 0- and 1-lepton channels, it is likely that a jet1013

from a t ! b(W ! qq) decay is missed, while in the 2-lepton channel it is likely that an1014

ISR or FSR jet is selected. This is the reason for not correlating, between these two sets1015

of lepton channels, the systematic uncertainty attached to the 3-to-2 jet ratio for the tt1016

background. Another example is the �� reweighting in the W+jets processes, which is1017

derived in the 0-tag sample and applied to the Wcl and Wl backgrounds. As explained1018

in section 7, this reweighting is not applied to the Wcc and Wb backgrounds but, in the1019

absence of further information, an uncertainty is assessed for the �� distributions of the1020

Wcc and Wb backgrounds, uncorrelated with the uncertainty applied to the Wcl and Wl1021

backgrounds. Altogether, the fit has to handle almost 170 NPs, with roughly half of those1022

being of experimental origin.1023

The fit uses templates constructed from the predicted yields for the signal and the1024

various backgrounds in the bins of the input distribution in each region. The systematic1025

uncertainties are encoded in templates of variations relative to the nominal template for1026

each up-and-down (±1�) variation. The limited size of the MC samples for some simu-1027

lated background processes in some regions can cause large local fluctuations in templates1028

of systematic variations. When the impact of a systematic variation translates into a1029

reweighting of the nominal template, no statistical fluctuations are expected beyond those1030

already present in the nominal template. This is the case, for instance, for the b-tagging1031

uncertainties. For those, no specific action is taken. On the other hand, when a systematic1032

variation may introduce changes in the events selected, as is the case for instance with the1033

JES uncertainties, additional statistical fluctuations may be introduced, which affect the1034
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Data driven corrections

10

• In both 0- and 1-tag regions, a significant discrepancy between data and MC is seen in 
both the DeltaPhi(j,j) and pT(V) distributions.  

• A data/MC correction is derived using 0-tag events based 
on DeltaPhi, and applied to MC.  The low and high pT(V) 
bins are separately corrected.

• The correction works well also in 1-tag events, which 
means W+cl needs the same correction. But hard to 
conclude on W+cc/bb: no correction applied there.

• Half of the correction as systematic uncertainty. The full 
W+light/cl correction as systematics on W+bb/cc.



SM measurement
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• Despite the different cuts, the 
same effect is seen in the 
unfolded W+jet measurement, 
for N(jets)≥2.

• NLO for W+2 jets (BlackHat
+Sherpa) gets closest to data.  

• For Run-II, hopefully we can 
establish a good modelling for 
W+jets first, before the fun 
with heavy flavor starts!

• First indications based on 
Sherpa 2.1.x are not so 
promising.

• Some NLO codes give 
slightly improved modelling, 
is the matching to the 
parton shower the 
problem?

[ATLAS-CONF-2014-035]



W+bb/Z+bb processes
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• For heavy flavor processes additional systematic uncertainties are considered.  
• W+bb is hard to control with data (top/single-top backgrounds).  

Different generators / models are considered:

• 1. Powheg+Pythia/Herwig

• 2. aMC@NLO

• 3. Sherpa

• Variations of O(20%) on m(bb), ΔR(bb)!  
(gluon splitting? NLO corrections?)

• Really hoping in theory improvements in this area…

• Sherpa 2? Powheg MiNLO Wbb? (needs W+bbj @ NLO)?  
aMC@NLO (needs extension of FxFx to b-jets)?

• Z+bb can be controlled a bit easier from m(bb) sidebands, but 
signal region lacks statistics

• Systematic variation on m(bb) derived in 0- and 1-tag region, 
and cross-checked in 2-tag region.



BDT

• Good description of input variables & 
correlations. 

• Main improvements from EPS 2013: 
• MVA based on BDT (+15%) 
• “Continuous” b-tagging (+15%) 
• GSC for jets / kinematic fit in 2-lepton 
• Re-optimization of cuts 

• >50% improvement in sensitivity 
• SLAC goal was to improve H to bb 

by >20%. Exceeded!!
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Variable 0-Lepton 1-Lepton 2-Lepton
pVT ⇥ ⇥
Emiss

T ⇥ ⇥ ⇥
pb1T ⇥ ⇥ ⇥
pb2T ⇥ ⇥ ⇥
mbb ⇥ ⇥ ⇥
�R(b1, b2) ⇥ ⇥ ⇥
|�⌘(b1, b2)| ⇥ ⇥
��(V, bb) ⇥ ⇥ ⇥
|�⌘(V, bb)| ⇥
HT ⇥
min[��(`, b)] ⇥
mW

T ⇥
m`` ⇥
MV 1c(b1) ⇥ ⇥ ⇥
MV 1c(b2) ⇥ ⇥ ⇥

Only in 3-jet events
p
jet3
T ⇥ ⇥ ⇥

mbbj ⇥ ⇥ ⇥

Table 4. Variables used in the multivariate analysis for the 0-, 1- and 2-lepton channels.

and data events.454

The values of the BDT outputs do not have a well-defined statistical interpretation.455

A dedicated procedure is applied to transform the BDT-output distributions to obtain a456

smoother distribution for the background processes and a finer binning in the regions with457

the largest signal contribution, while at the same time preserving a sufficiently large number458

of background events in each bin. Starting from a very fine-binned histogram of the BDT-459

output distribution, the procedure merges histogram bins, from high to low BDT-output460

values, until a certain requirement, based on the fractions of signal and background events461

in the merged bin, is satisfied. To limit the number of bins and to reduce the impact of462

statistical fluctuations, a further condition is that the statistical uncertainty of the expected463

total background contribution has to be smaller than 10% in each merged bin. The free464

parameters of the transformation algorithm are optimised to maximise the expected signal465

sensitivity. For simplicity, these transformed outputs, which are used for the analysis, are466

called “BDTV H discriminants” in the following. An optimisation of the number of bins and467

bin boundaries is also performed for the mbb distribution used in the dijet-mass analysis468

in a similar way, where the free parameters of the transformation algorithm are optimised469

separately for the different analysis regions. The effect of the transformation on the BDT-470

output and dijet-mass distributions can be seen in figure 3 for the 1-lepton channel and one471

signal region. The transformation groups into few bins the mbb regions that are far from the472
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Figure 1. Examples of variables input to the BDT in the 2-jet 2-tag category (LL, MM and TT combined) for pVT > 120 GeV: (a) 0-lepton channel,
dijet mass; (b) 0-lepton channel, Emiss

T ; (c) 1-lepton channel, �R(b1, b2); (d) 1-lepton channel, pWT ; (e) 2-lepton channel, pb1T ; (f) 2-lepton channel,
|�⌘(V, bb)|. The distributions for the 2-lepton channel in (e) and (f) are shown after having applied the kinematic fit as described in section 5.
The background contributions after the global fit of the MVA are shown as filled histograms. The Higgs boson signal (mH = 125 GeV) is shown
as a filled histogram on top of the fitted backgrounds, as expected from the SM (indicated as µ = 1.0), and, unstacked as an unfilled histogram,
scaled by the factor indicated in the legend. The dashed histogram shows the total background as expected from the pre-fit MC simulation. The
entries in overflow are included in the last bin. The size of the combined statistical and systematic uncertainty on the sum of the signal and fitted
background is indicated by the hatched band. The ratio of the data to the sum of the signal and fitted background is shown in the lower panel.
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Figure 1. Examples of variables input to the BDT in the 2-jet 2-tag category (LL, MM and TT combined) for pVT > 120 GeV: (a) 0-lepton channel,
dijet mass; (b) 0-lepton channel, Emiss

T ; (c) 1-lepton channel, �R(b1, b2); (d) 1-lepton channel, pWT ; (e) 2-lepton channel, pb1T ; (f) 2-lepton channel,
|�⌘(V, bb)|. The distributions for the 2-lepton channel in (e) and (f) are shown after having applied the kinematic fit as described in section 5.
The background contributions after the global fit of the MVA are shown as filled histograms. The Higgs boson signal (mH = 125 GeV) is shown
as a filled histogram on top of the fitted backgrounds, as expected from the SM (indicated as µ = 1.0), and, unstacked as an unfilled histogram,
scaled by the factor indicated in the legend. The dashed histogram shows the total background as expected from the pre-fit MC simulation. The
entries in overflow are included in the last bin. The size of the combined statistical and systematic uncertainty on the sum of the signal and fitted
background is indicated by the hatched band. The ratio of the data to the sum of the signal and fitted background is shown in the lower panel.
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Fit model

• Simultaneous profile likelihood fit to: 
• 2-tag: 27 signal regions 
• 1-tag: 11 control regions 

• constraining backgrounds & extracting μ 
• ~170 NPs to account for systematic effects
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Figure 11. The BDTV H -discriminant distribution observed in data (points with error bars) and
expected (histograms) for the 2-tag signal regions of the 1-lepton channel for (a) 2-jet events with
the Medium and Tight b-tagging categories (also referred to as MM and TT in the text) combined
and with pWT  120 GeV, (b) MM 2-jet events with pWT > 120 GeV, (c) TT 2-jet events with
pWT > 120 GeV, and (d) MM and TT combined 3-jet events with pWT > 120 GeV. The background
contributions after the global fit of the MVA are shown as filled histograms. The Higgs boson
signal (mH = 125 GeV) is shown as a filled histogram on top of the fitted backgrounds, as expected
from the SM (indicated as µ = 1.0), and, unstacked as an unfilled histogram, scaled by the factor
indicated in the legend. The dashed histogram shows the total background as expected from the
pre-fit MC simulation. The size of the combined statistical and systematic uncertainty on the sum
of the signal and fitted background is indicated by the hatched band. The ratio of the data to the
sum of the signal and fitted background is shown in the lower panel.
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Figure 10. The BDTV H -discriminant distribution observed in data (points with error bars) and
expected (histograms) for the 2-tag Medium and Tight b-tagging categories (also referred to as MM
and TT in the text) combined of the 0-lepton channel for pVT > 120 GeV for (a) 2-jet events and
(b) 3-jet events. The background contributions after the global fit of the MVA are shown as filled
histograms. The Higgs boson signal (mH = 125 GeV) is shown as a filled histogram on top of the
fitted backgrounds, as expected from the SM (indicated as µ = 1.0), and, unstacked as an unfilled
histogram, scaled by the factor indicated in the legend. The dashed histogram shows the total
background as expected from the pre-fit MC simulation. The size of the combined statistical and
systematic uncertainty on the sum of the signal and fitted background is indicated by the hatched
band. The ratio of the data to the sum of the signal and fitted background is shown in the lower
panel.
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Systematic uncertainties
• Leading uncertainties: 

• W+b/c theory (shapes + 
flavor composition) 

• signal theory (parton shower) 
• jet energy resolution 

• Important message for Run-II 
• Need to urgently improve our 

MC modeling (gluon 
splitting, heavy flavor 
fractions,…)

N
o

t
r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a
t
i
o

n
o

n
l
y

-4 -2 0 2 4 6

V
T

ttbar high p

b-jet tagging efficiency 4

Jet energy scale 1

 normalisationbZ+b

 shape (2-jet) V
T

W+HF p

 normalisationtDilepton t

Jet energy resolution

 shapejj mc, Z+cbZ+b

b-jet energy resolution

 normalisation (2-jet)bZ+bl to Z+b

Signal acceptance (parton shower)

 shape (3-jet) V
T

W+HF p

 normalisationbW+b

 > 120 GeV)V
T

    (p
 normalisationbW+bl to W+b

 > 120 GeV)V
T

    (p
 shapejj mc, W+cbW+b

µ∆

-0.3 -0.2 -0.1 0 0.1 0.2 0.3

-2 -1 0 1 2

θ∆)/0θ - θPull: (
Normalisation

µ Postfit Impact on σ+1
µ Postfit Impact on σ-1

ATLAS
-1 Ldt = 20.3 fb∫ = 8 TeV, s

=125 GeVHm

Figure 14. Impact of systematic uncertainties on the fitted signal-strength parameter µ̂ for the
MVA applied to the 8 TeV data. The systematic uncertainties are listed in decreasing order of their
impact on µ̂ on the y-axis. The boxes show the variations of µ̂, referring to the top x-axis, when
fixing the corresponding individual nuisance parameter ✓ to its post-fit value ˆ✓ modified upwards or
downwards by its post-fit uncertainty, and repeating the fit as explained in the text. The hatched
and open areas correspond to the upwards and downwards variations, respectively. The filled circles,
referring to the bottom x-axis, show the deviations of the fitted nuisance parameters ˆ✓ from their
nominal values ✓0, expressed in terms of standard deviations with respect to their nominal uncer-
tainties �✓. The associated error bars show the post-fit uncertainties of the nuisance parameters,
relative to their nominal uncertainties. The open circles with their error bars, also referring to the
bottom x-axis, show the fitted values and uncertainties of the normalisation parameters that are
freely floating in the fit. The normalisation parameters have a pre-fit value of unity. As explained
in section 8.1, the jet energy scale and b-tagging uncertainties are decomposed into uncorrelated
components; the labels 1 and 4 refer to such components.
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Figure 20. The fitted values of the Higgs boson signal-strength parameter µ for mH = 125 GeV
for the WH and ZH processes and the combination of the WH and ZH processes, with the 7
and 8 TeV datasets combined. The individual µ values for the (W/Z)H processes are obtained
from a simultaneous fit with the signal strength for each of the WH and ZH processes floating
independently.
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Figure 21. The fitted values of the Higgs boson signal-strength parameter µ for mH = 125 GeV
for the 0-, 1- and 2-lepton channels and the combination of the three channels, with the 7 and 8 TeV
datasets combined.The individual µ values for the lepton channels are obtained from a simultaneous
fit with the signal strength for each of the lepton channels floating independently.
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Main result
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Figure 22. Event yields as a function of log(S/B) for data, background and Higgs boson signal
with mH = 125 GeV for the (a) 8 TeV data and (b) 7 TeV data. Final-discriminant bins in all signal
regions are combined into bins of log(S/B). The signal S and background B yields are expected
and fitted, respectively. The Higgs boson signal contribution is shown as expected for the SM cross
section (indicated as µ = 1.0). The pull of the data with respect to the background-only prediction
is also shown with statistical uncertainties only. The full line indicates the pull of the prediction
for signal (µ = 1.0) and background with respect to the background-only prediction.

Figure 22 shows the data, background and signal yields, where final-discriminant bins1233

in all signal regions are combined into bins of log(S/B), separately for the 7 and 8 TeV1234

datasets. Here, S is the expected signal yield and B is the fitted background yield. Details1235

of the fitted values of the signal and of the various background components are provided in1236

table 8.1237

11.2 Cross-checks1238

Dijet-mass analysis: The distributions of mbb in the dijet-mass analysis, with background1239

normalisations and nuisance parameters adjusted by the global fit to the 8 TeV data were1240

already presented in section 7.3. Agreement between data and estimated background is1241

observed within the uncertainties shown by the hatched bands.1242

In the dijet-mass analysis, a µ value of 1.23 ± 0.44(stat.) ± 0.41(syst.) is obtained for1243

the 8 TeV dataset. The consistency of the results of the three lepton channels is at the level1244

of 8%. Using the “bootstrap” method mentioned in section 9.2, the results for the 8 TeV1245

data with the dijet-mass analysis and with the MVA are expected to be 67% correlated,1246

and the observed results are found to be statistically consistent at the level of 8%. The1247

observed significance in the dijet-mass analysis is 2.2�. The expected significance is 1.9�,1248

to be compared to 2.5� for the MVA, which is the reason for choosing the MVA for the1249
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• Uncertainty on μ decreased  
 from ~0.65 to ~0.4! 

• Expected sensitivity 2.6σ, observ. 1.4σ 
• μ = 0.5 ± 0.4 

• No evidence for H to bb yet, but no  
incompatibility either……
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Figure 23. The distribution of mbb in data after subtraction of all backgrounds except for the
diboson processes, as obtained with the dijet-mass analysis for the (a) 8 TeV and (b) 7 TeV data. The
contributions from all lepton channels, pVT intervals, number-of-jets and 2-tag b-tagging categories
are summed weighted by their respective values of the ratio of expected Higgs boson signal to fitted
background. The contribution of the associated WH and ZH production of a SM Higgs boson with
mH = 125 GeV is shown as expected for the SM cross section (indicated as µ = 1.0). The size of
the combined statistical and systematic uncertainty on the fitted background is indicated by the
hatched band.

the MVA and the dijet-mass analysis. The yield tables in the appendix show that the ratio1272

of the diboson contribution to that of the Higgs boson is indeed smaller in the higher pVT1273

interval than in the lower one. The additional variables input to the BDT provide further1274

separation in the MVA, leading to a very small diboson contribution in the most significant1275

bins of the BDTV H discriminant, as can be seen in table 8.1276

A value of µV Z = 0.50 ± 0.30(stat.) ± 0.38(syst.) is obtained for the 7 TeV dataset.1277

The signal strength obtained for the combined 7 and 8 TeV dataset is 0.74± 0.09(stat.)±1278

0.14(syst.) The V Z signal is observed with a significance of 4.9�, to be compared to an1279

expected significance of 6.3�.1280

The fitted µV Z values are shown in figure 24 for the 7 TeV, 8 TeV and combined1281

datasets, and for the three lepton channels separately for the combined dataset, all with1282

the MVA used for the 8 TeV data.1283
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• Measurement of Higgs  
self-coupling crucial for  
full characterization of EW sector

• Very challenging at the LHC!  
(even with L=3000 inv. fb.)
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Both the ATLAS and CMS collaborations have reported a Standard Model Higgs-like excess at
around mh = 125 GeV. If an SM-like Higgs particle is discovered in this particular mass range, an
important additional test of the SM electroweak symmetry breaking sector is the measurement of
the Higgs self-interactions. We investigate the prospects of measuring the Higgs self-coupling for
mh = 125 GeV in the dominant SM decay channels in boosted and unboosted kinematical regimes.
We further enhance sensitivity by considering dihiggs systems recoiling against a hard jet. This
configuration exhibits a large sensitivity to the Higgs self-coupling which can be accessed in subjet-
based analyses. Combining our analyses allows constraints to be set on the Higgs self-coupling at
the LHC.

I. INTRODUCTION

The Standard Model (SM) Higgs [1] has recently been
excluded at the 95% confidence level from 129 (127.5)
GeV to 539 (600) GeV by measurements performed by
ATLAS (CMS) [2]. In addition, the Higgs mass bound
from LEP2 was raised from 114.4 GeV [3] to 117.5 GeV
by ATLAS. Both ATLAS and CMS have also observed
tantalizing hints for a SM-like Higgs at a mass mh ≃
125 GeV with local significances of 2.5σ and 2.8σ, re-
spectively. In the same mass region, the D/0 and CDF
collaborations observe an excess with a local significance
of 2.2σ for the combination of their data sets [4].

Breaking down these results into the individual search
channels has triggered some effort to pin down the prop-
erties of the observed excess in the SM and beyond [5].
These analyses are the first steps of a spectroscopy pro-
gram which targets the properties of a newly discovered
particle if the excess at 125 GeV becomes statistically sig-
nificant. Strategies to determine spin- and CP quantum
numbers, and the couplings to fermions and gauge bosons
of a 125 GeV resonance with SM-like cross sections have
been discussed in the literature [6, 7]. A determination
of the Higgs self-interaction, however, which is crucial for
a measurement of the symmetry breaking sector remains
challenging in the context of the SM (this can change in
BSM scenarios [8]). Even for scenarios where the Higgs is
close to the h → W+W− threshold, statistics at the LHC
in pp → hh+X is extremely limited [9–11], so that for-
mulating constraints on the Higgs self-coupling requires
end-of-LHC-lifetime statistics if possible at all∗.

The Higgs self-coupling in the SM follows from equat-
ing out the Higgs potential after the Higgs doublet is ex-
panded around the electroweak symmetry breaking vac-
uum expectation value, H = (0, v + h)T /

√
2 in unitary

∗A related analysis of Higgs physics at a future linear collider can
be found in Ref. [12].

gauge:

V (H†H) = µ2H†H + η(H†H)2

⊃
1

2
m2

hh
2 +

√

η

2
mhh

3 +
η

4
h4 ,

(1)

where m2
h = ηv2/2, and v2 = −µ2/η. Since symmetry

breaking in the SM relies on µ2 < 0 and η > 0, the partial
experimental reconstruction of the Higgs potential via
the measurement of the trilinear Higgs vertex and its
comparison to SM quantities (e.g. 2η = g2m2

h/m
2
W ) is

necessary to verify symmetry breaking due to a SM-like
Higgs sector. Strictly speaking, a similar program needs
to be carried out for the quartic Higgs vertex to fully
reconstruct the Higgs potential by measurements. This
task is, however, even more challenging due to an even
smaller cross section of triple Higgs production [13, 14].

A process at hadron colliders which is sensitive to
the trilinear Higgs coupling is the previously mentioned
Higgs pair production pp → hh + X via gluon fusion.
Consequently, this process has already been studied in
the literature in detail [14–17]. From the known results
it is clear that the LHC’s potential towards measuring the
trilinear coupling only in a single channel is insufficient.
Combining different Higgs decay final states improves the
situation, but exhausting the entire LHC search poten-
tial requires also discussing the machine’s capability to
constrain the trilinear Higgs coupling in different kine-
matical regimes.

Different properties of signal and background pro-
cesses in e.g. boosted final states as compared to un-
boosted kinematics allows us to access Higgs decay chan-
nels which are impossible to isolate from the background
in a more inclusive search. This has impressively been
demonstrated in the context of subjet-based analysis
techniques [18] which have proven successful during the
7 TeV LHC run [19]. In addition to that, initial state
radiation can be an important effect when considering
energetic final states. A dihiggs system recoiling against
a hard hadronic jet accesses an entirely new kinemati-
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spectively. In the same mass region, the D/0 and CDF
collaborations observe an excess with a local significance
of 2.2σ for the combination of their data sets [4].

Breaking down these results into the individual search
channels has triggered some effort to pin down the prop-
erties of the observed excess in the SM and beyond [5].
These analyses are the first steps of a spectroscopy pro-
gram which targets the properties of a newly discovered
particle if the excess at 125 GeV becomes statistically sig-
nificant. Strategies to determine spin- and CP quantum
numbers, and the couplings to fermions and gauge bosons
of a 125 GeV resonance with SM-like cross sections have
been discussed in the literature [6, 7]. A determination
of the Higgs self-interaction, however, which is crucial for
a measurement of the symmetry breaking sector remains
challenging in the context of the SM (this can change in
BSM scenarios [8]). Even for scenarios where the Higgs is
close to the h → W+W− threshold, statistics at the LHC
in pp → hh+X is extremely limited [9–11], so that for-
mulating constraints on the Higgs self-coupling requires
end-of-LHC-lifetime statistics if possible at all∗.

The Higgs self-coupling in the SM follows from equat-
ing out the Higgs potential after the Higgs doublet is ex-
panded around the electroweak symmetry breaking vac-
uum expectation value, H = (0, v + h)T /

√
2 in unitary

∗A related analysis of Higgs physics at a future linear collider can
be found in Ref. [12].
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experimental reconstruction of the Higgs potential via
the measurement of the trilinear Higgs vertex and its
comparison to SM quantities (e.g. 2η = g2m2
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W ) is

necessary to verify symmetry breaking due to a SM-like
Higgs sector. Strictly speaking, a similar program needs
to be carried out for the quartic Higgs vertex to fully
reconstruct the Higgs potential by measurements. This
task is, however, even more challenging due to an even
smaller cross section of triple Higgs production [13, 14].

A process at hadron colliders which is sensitive to
the trilinear Higgs coupling is the previously mentioned
Higgs pair production pp → hh + X via gluon fusion.
Consequently, this process has already been studied in
the literature in detail [14–17]. From the known results
it is clear that the LHC’s potential towards measuring the
trilinear coupling only in a single channel is insufficient.
Combining different Higgs decay final states improves the
situation, but exhausting the entire LHC search poten-
tial requires also discussing the machine’s capability to
constrain the trilinear Higgs coupling in different kine-
matical regimes.

Different properties of signal and background pro-
cesses in e.g. boosted final states as compared to un-
boosted kinematics allows us to access Higgs decay chan-
nels which are impossible to isolate from the background
in a more inclusive search. This has impressively been
demonstrated in the context of subjet-based analysis
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7 TeV LHC run [19]. In addition to that, initial state
radiation can be an important effect when considering
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FIG. 2: Comparison of the (normalized) pT,h distributions in pp → hh+X at LO for different multiples of the trilinear Higgs
coupling λ (mt = 172.5 GeV and mb = 4.5 GeV using CTEQ6l1 parton densities).
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FIG. 3: Comparison of pp → hh + X at LO. We choose
mt = 175 GeV as in Ref. [15], from which we also obtain
the dashed blue reference line, and mb = 4.5 GeV and we use
the CTEQ6l1 parton distributions.

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

λSM =

√

η

2
mh . (4)

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

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

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

Interference between the different non-zero contribu-
tions depicted in Fig. 3 becomes obvious for the differ-
ently chosen Higgs self-couplings. We also learn from
Fig. 3 that the dihiggs cross section has a fairly large
dependence on the particular value of the trilinear cou-
pling for a mh = 125 GeV Higgs boson. The qualitative
Higgs mass dependence for different values of the trilinear
self-coupling in Fig. 3 is easy to understand: The Higgs
propagator in Fig. 1 (c) is always probed off-shell at fairly
large invariant masses; this renders the triangle contribu-
tions subdominant compared to the box contributions of
Fig. 1 (b). For Higgs masses close to the mass of the loop-
dominating top quark, we have s ≃ 4m2

t , which results
in resonant contributions of the three-point functions of
Fig. 1 (c), well-known from one-loop gg → h produc-
tion [27]. This ameliorates the s-channel suppression of
the trilinear coupling-sensitive triangle graphs and causes
the dependence of the cross section on the trilinear cou-
pling to become large at around mh

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

portant to isolate the region of phase space which is most
sensitive to modifications of the trilinear coupling in or-
der to set up an analysis strategy which targets the tri-
linear self-coupling most effectively. At the parton level,
there is only a single phenomenologically relevant observ-
able to hh production, which can be chosen as the Higgs
transverse momentum pT,h. In Fig. 2 we show the dif-
ferential pT,h distribution for different values of λ and
mh = 125 GeV. The dip structure for λ > λSM results
again from phase space regions characterized by s ∼ 4m2

t ,
which are available if mh < mt, and the resulting maxi-
mally destructive interference with the box contributions.
The above points suffice to give a qualitative assess-

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

• the Higgs bosons from inclusive dihiggs productions

CTEQ6l1 set we obtain perfect agreement.
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the trilinear coupling-sensitive triangle graphs and causes
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pling to become large at around mh
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To gain sensitivity beyond total event counts, it is im-

portant to isolate the region of phase space which is most
sensitive to modifications of the trilinear coupling in or-
der to set up an analysis strategy which targets the tri-
linear self-coupling most effectively. At the parton level,
there is only a single phenomenologically relevant observ-
able to hh production, which can be chosen as the Higgs
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ferential pT,h distribution for different values of λ and
mh = 125 GeV. The dip structure for λ > λSM results
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which are available if mh < mt, and the resulting maxi-
mally destructive interference with the box contributions.
The above points suffice to give a qualitative assess-

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

• the Higgs bosons from inclusive dihiggs productions

CTEQ6l1 set we obtain perfect agreement.

• Di-Higgs production does not only involve 
triple Higgs vertex.

• Variation of coupling result in  
variation of differential pT(H) cross  
section.

• Important to finalize sensitivity studies 
now, since we already need to finalize the 
main detector design choices for Phase-II!!
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FIG. 1: Sample Feynman graphs contributing to pp → hh+X. Graphs of type (a) yield vanishing contributions due to color
conservation.

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

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

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

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

II. HIGGS PAIR PRODUCTION AT THE LHC

A. General Remarks

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

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

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

ggh and gghh interactions [20]

Leff =
1

4

αs

3π
Ga

µνG
aµν log(1 + h/v) , (2)

which upon expansion leads to

L ⊃ +
1

4

αs

3πv
Ga

µνG
aµνh−

1

4

αs

6πv2
Ga

µνG
aµνh2 . (3)

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

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

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

B. Parton-level considerations

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

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

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



X to hh to 4b
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• Well before, we can start to investigate di-Higgs production 
in several BSM scenarios:

• Spin-2 KK graviton in the Randall-Sundrum model with 
warped extra-dimensions

• Search for  masses up to ~2 TeV

• SUSY H to hh

• … and many other models

• For resonances above ~400 GeV, pairs of b-jets from two 
Higgses start to be very collimated

• Challenging for reconstruction algorithms !

Introduction

? Search for spin-2 KK graviton in the Randall-Sundrum (RS1) framework with
a warped extra dimension

p Decay mode: Two boosted Higgs bosons to the 4b final state

? Samples for resolved CONF note were produced with c = k/MP = 1.0 and
with parton-level pT cuts.

? New samples produced last spring with c = 1.0, 1.5 and 2.0, without
parton-pT cut, up to 2.4 TeV. See link here for more info

? Will only perform search up to MRSG = 2 TeV, as the width becomes the
limiting factor for higher masses
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• Trigger based on multi-jet and  
multi-jet + b-jets signatures.

• Reconstruct two Anti-Kt R=1.0  
calorimeter jets and trim them

• Leading pT>350 GeV,  
sub-leading pT>250 GeV

• Then match these two jets  
to four Anti-Kt R=0.3 track-jets.

• Allows to resolve jets into  
sub-structure.

• Results in better alignment of  
“subjets” along true b-hadron  
direction (crucial for b-tagging!).

Event Selection: “Dijet” search

? Dataset: Period A has online trigger bug, has been
removed from most recent INT note draft (v0.4)

? Same triggers as resolved channel: ⇠100% e�ciency for signal (see backup)

? Two R=1.0 trimmed jets (LCTopo)
p Trimmed R=1.0 jets have full support in Jet/MET perf group
p Leading pT > 350 GeV, subleading pT > 250 GeV, both |⌘| < 2.0
p

tt̄ contamination pushed out of signal region due to leading jet pT cut
p �⌘ < 1.7 between two large-R jets (see INT note Sec 5.4)
p Mass is corrected with muon 4-mom in the case of b-tags found (Sec 5.5)

? Four R=0.3 track jets
p At least two ghost-associated to leading jet and two ghost-associated to

subleading jet
p

pT > 20 GeV, |⌘| < 2.5, and originate from PV
p MV1>0.7 (actual cut, not WP)
p B-tagged track jets have to be lead/subl pT associated to each large-R jet (see

INT note Appendix B3)

E Thompson (Columbia) Boosted X ! HH ! 4b channel November 11, 2014 4 / 1
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Figure 1: Truth level pT spectrum (left) and truth level separation between b-quark decay products (right)
for leading (solid line) and subleading (dashed line) Higgs in two RS G samples.

3.3 Performance Studies

Distributions, normalized to unit integral, of the number of track jets of various distance parameters
ghost-associated to the large-R jets, as well as the number of calorimeter subjets of the trimmed large-R
jets, can be seen on the left plot of Figure 2. As the track jet radius decreases and finer features of the jet
can be resolved, the number of track jets associated to the large-R jet increases.
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Figure 2: Distributions of the number of track jets ghost-associated to the large-R jets as well as the
number of calorimeter subjets of the trimmed large-R jets (left). Distributions of the angular distance,
�R, between track jets ghost-associated to the large-R jets / subjets of the trimmed large-R jets and the
closest b-hadron (right). Track jets of various R parameters are shown. A sum of RS G samples with
masses 2 {1000, 2400} GeV is used, with an equal contribution from each mass.

As the b-tagging algorithms use tracks around the jet axis as inputs, the b-tagging performance

5

Reconstruction strategy



B-tagging the 4 b-jets…
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• A proof of the concept is described in the ATLAS pub note 
ATL-PHYS-PUB-2014-13 and shown at Boost 2014.

•  The new technique has  
the potential to significantly  
improve the sensitivity  
to a high mass resonance  
w.r.t. previous analyses.

• Track-jets are now being  
calibrated with data.

• X to 4b analysis progressing well.

• Plan is to publish full Run-I result on a few months timescale.

It can also be seen that the smaller R = 0.2 track jets are observed to perform better than the R = 0.3 jets
in these environments.
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Figure 6: E�ciency to find two b-tagged (at a 70% WP) track jets / subjets in both large-R jets for RS G
mass points when using di↵erent track jet R parameters and comparing to large-R calorimeter subjets.

4 Conclusions

The ability to resolve and tag heavy flavor jets produced in the decay of boosted heavy particles, such as
top quarks or Higgs bosons, is vital for the identification of new physics signatures as the LHC moves
to higher energies and luminosities in 2015. Within these complex environments, resolving b-hadrons
can be achieved by using jets with a smaller distance parameter R, where the decay products would have
otherwise been merged. As track jets are independent of the calorimeter but can be matched to a variety
of calorimeter jets with the use of ghost-association, they can provide flexible and robust b-tagging that
can easily be integrated with calorimeter jet substructure techniques used to interpret the hadronic final
state. In addition, track jets are sensitive to the low pT b-hadron phase space that is often lost by large-R
calorimeter jet when grooming is applied. Finally, the smaller R parameter jets, such as R = 0.2 track jets,
are observed to better resolve and b-tag the b-hadrons in boosted environments. Ultimately combining
the track jet, subjet, and large-R jet information for boosted object identification will likely result in the
best b-tagging performance in these topologies.
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Figure 9. Expected (dashed line) and observed (solid line with markers) 95% CL upper limits
on tanβ as a function of mA for the mmax

h scenario of the MSSM (a) for the combination of all
channels and (b) for each channel separately. Values of tanβ above the lines are excluded. The
vertical dashed line at 200 GeV in (a) indicates the transition point between low- and high-mass
categories. Lines of constant mh and mH are also shown in (a) in red and blue colour, respectively.
For more information, see text.
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h benchmark scenarios of the
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bH to bbb analysis

21

• Together with H → ττ,  main search  
channel for heavy A/H Higgs boson in  
MSSM scenarios with large tan(β).

• Very challenging analysis because of pure  
hadronic environment and relatively soft  
b-jet from associated. production

• Select events with at least 3 b-tagged jets.

• Look for di b-jet peak over large bbb continuum background.

• Determine background shape from simultaneous likelihood fit to 
m(bb) in control region (bb + anti-tag).

• Assumption that m(bb) is nearly independent on flavor of third jet  
crucial. Need theory and simulations to back this up!



Background simulation

22

• Background mainly from multi-jet  
production of ≧ 3 b-jets difficult process  
to simulate  
→ help from Stephan to produce realistic  
Sherpa sample (thanks!!)

• Replaces more simplistic model based  
on Pythia (2-to-2 scattering ME only)

• Of general interest for studying multi-b  
production in ATLAS

• After quite some validation, got the MC request  
finally approved.

• Plan to finalize analysis soon, and have public results  
to show!
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Figure 25 Mass of the two leading jets in events passing all cuts except the bbb, bbloose and bbanti
classification. Distributions for the 10,000 event bb QCD Monte Carlo validation sample and a 2.2 fb−1

luminosity data sample are shown.
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Figure 26 The b-tag variable MV1 for the 3rd leading pT jet in events passing all cuts except the bbb,
bbloose and bbanti classification. Distributions for the 10,000 event bb QCD Monte Carlo validation
sample and a 2.2 fb−1 luminosity data sample are shown.
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A bb QCD Monte Carlo Generation and Validation733

The bb QCD Monte Carlo sample is produced using the Sherpa Monte Carlo program version 1.4.3 and734

an event filter.735

A.1 Sherpa MC Parameters736

All 2 → 2, 3, 4 hard subprocesses with at least one b-quark in the final state are simultated. Massive737

charm and bottom quarks are used to properly simulate gluon splitting to heavy quarks. A jet analysis738

internal to Sherpa is performed on the final state partons and the transverse momentum of at least one of739

these parton jets is required to be greater than 100 GeV. The multijet merging parameter CKKW is set740

to CKKW=sqr(20/E CMS) and electroweak couplings are turned off with Order EW=0. The parameter741

EVENT GENERAION MODE is set to PartiallyUnweighted so that events are approximately - but not742

entirely - unweighted.743

Table 6 contains a list of all the hard subprocesses simulated in the bb MC along with their cross744

sections before filtering.745

subprocess cross section (pb)
j j→ bb̄ j j 58531
j j→ bb̄ j 33411
b j→ b j j + b̄ j→ b̄ j j 22147
b j→ b j j j + b̄ j→ b̄ j j j 16282
b j→ b j + b̄ j→ b̄ j 12135
j j→ bb̄ 1672
c j→ cbb̄ j + c̄ j→ c̄bb̄ j 1602
b j→ bbb̄ j + b̄ j→ b̄bb̄ j 997
j j→ bb̄cc̄ 776
c j→ cbb̄ + c̄ j→ c̄bb̄ 681
b j→ bbb̄ + b̄ j→ b̄bb̄ 387
j j→ bb̄bb̄ 376
bc̄→ bc̄ j + b̄c→ b̄c j 206
bc→ bc j + b̄c̄→ b̄c̄ j 194
bc̄→ bc̄ j j + b̄c→ b̄c j j 143
bc→ bc j j + b̄c̄→ b̄c̄ j j 136
bc→ bc + b̄c̄→ b̄c̄ 122
bc̄→ bc̄ + b̄c→ b̄c 121
bb̄→ bb̄ j 62
bb→ bb j + b̄b̄→ b̄b̄ j 53
bb̄→ bb̄ j j 44
bb→ bb j j + b̄b̄→ b̄b̄ j j 39
bb̄→ bb̄ 37
bb→ bb + b̄b̄→ b̄b̄ 30

Table 6 Hard subprocesses simulated in the bb QCD MC event sample, along with their cross sections.
Here j = u, ū, d, d̄, s, s̄, g



MSSM Models
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• Benchmark models defined within Higgs cross section working group 
(https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGMSSMNeutral).

• Most of these have very low BR(H/A →bb) < 50%.

• We were wondering why and have asked Tom and JoAnne for advice.  
 
 
 
 
 
 
 
 

• From their findings (thanks!), most of the allowed A/H decays to SUSY are in charginos 
and neutralinos, but scenarios with BR(H/A → bb) < 50% remain very unusual.

• Time to add more representative SUSY scenarios?

• An interesting question remains how much BR(bb)/BR(tt) varies from model to model.  
This determines the relative sensitivity of the ττ and bb searches.

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCHXSWGMSSMNeutral


Plans for the future
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• Observe a clear H → bb signal

• But need to reduce uncertainties, including theory:

• SM measurement of W+bb background, in particular 
challenging region with g → bb splitting?

• Look in early data for resonances decaying into two or 4 
b-jets

• We are now able to access phase space regions with 
very close-by b-jets: this will extend our reach in many 
models!

• In 13 TeV data, triggering on bH will be more challenging, 
but we plan continuing looking into this channel.



Backup
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Cross-check (1): VZ to Vbb

26

• Train MVA to extract diboson signal 
• Clear signal found, all channels well  

compatible 
• ~1.5σ low



Comparison to CMS
ATLAS CMS

σ [exp] σ [obs] σ [exp] σ [obs]
2.6 1.4 2.1* 2.1

* neglects pT dependence of gg to ZH 
contribution, 10% increase in sensitivity?

27
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Validation on Data, Diboson

Diboson production in the bb̄ final state 

Purest bb̄ resonance 

  	   A standard candle to validate the Higgs search

q

q̄′(q̄)
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W (Z)

VZ,VH: same event topology

9

6.3σ, first observation of the VZ(bb̄) at an hadron collider 
!
! σ (pp → WZ) = 4.8 ± 1.4 (stat.) ± 1.1(syst.) pb 

σ (pp →  ZZ) = 0.90 ± 0.23(stat.) ± 0.16(syst.) pb

 agreement with 
NLO MCFM 

prediction 
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• New ATLAS analysis has slightly better sensitivity, but 
observed signal lower 

• Combining ATLAS and CMS won’t get us to evidence: will 
need to wait for some good Run-II data 

• In the meantime, hope the coupling fits will profit from 
increased precision of H to bb signal strength


