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tth in the Standard Model

tt fusion channel gives a measure of the Top Yukawa

the gluon fusion channel for this purpose could be model  
dependent

2

Signal and backgrounds — We consider associated top
and Higgs production with one hadronic and one leptonic
top decay. The latter allows the events to pass the Atlas
and CMS triggers. The main backgrounds are

pp → tt̄bb̄ irreducible QCD background

pp → tt̄Z irreducible Z-peak background

pp → tt̄ + jets include fake bottoms (2)

To account for higher-order effects we normalize our to-
tal signal rate to the next-to-leading order prediction of
702 fb for mH = 120 GeV [21]. The tt̄bb̄ continuum back-
ground we normalize to 2.6 pb after the acceptance cuts
|yb| < 2.5, pT,b > 20 GeV and Rbb > 0.8 of Ref. [22]. This
conservative rate estimate for very hard events implies a
K factor of σNLO/σLO = 2.3 which we need to attach
to our leading-order background simulation — compared
to K = 1.57 for the signal. Finally, the tt̄Z background
at NLO is normalized to 1.1 pb [23]. For tt̄ plus jets
production we do not apply a higher-order correction be-
cause the background rejection cuts drives it into kine-
matic configuration in which a constant K factor cannot
be used. Throughout this analysis we use an on-shell top
mass of 172.3 GeV. All hard processes we generate using
MadEvent [24], shower and hadronize via Herwig++ [25]
(without g → bb̄ splitting) and analyze with FastJet [26].
We have verified that we obtain consistent results for sig-
nal and background using Alpgen [27] and Herwig 6.5 [28]

An additional background is W+jets production. The
Wjj rate starts from roughly 15 nb with pT,j > 20 GeV.
Asking for two very hard jets, mimicking the boosted
Higgs and top jets, and a leptonic W decay reduces this
rate by roughly three orders of magnitude. Our top
tagger described below gives a mis-tagging probability
around 5% including underlying event, the Higgs mass
window another reduction by a factor 1/10, i.e. the final
Wjj rate without flavor tags ranges around 100 fb.

Adding two bottom tags we expect a purely fake-
bottom contribution around 0.01 fb. To test the gen-
eral reliability of bottom tags in QCD background re-
jection we also simulate the Wjj background including
bottom quarks from the parton shower and find a re-
maining background of O(0.1 fb), well below 10% of the
tt̄+jets background already for two bottom tags. For
three bottom tags it is essentially zero, so we neglect it
in the following.

The charm-flavored Wcj rate starts off with 1/6 of
the purely mis-tagged Wjj rate. A tenfold mis-tagging
probability still leaves this background well below the
effect of bottoms from the parton shower. Finally, a
lower limit mrec

bb > 110 GeV keeps us safely away from
CKM-suppressed W → bc̄ decays where the charm is
mis-identified as a bottom jet.

Search strategy — The motivation for a tt̄H search
with boosted heavy states can be seen in Fig. 1: the
leading top quark and the Higgs boson both carry size-
able transverse momentum. We therefore first cluster
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FIG. 1: Normalized top and Higgs transverse momentum
spectra in tt̄H production (solid). We also show pT,H in
W−H production (dashed) and the pT of the harder jet in
W−jj production with pT,j > 20 GeV (dotted).

the event with the Cambridge/Aachen (C/A) jet algo-
rithm [29] using R = 1.5 and require two or more hard
jets and a lepton satisfying:

pT,j > 200 GeV |y(H)
j | < 2.5 |y(t)

j | < 4

pT,ℓ > 15 GeV |yℓ| < 2.5 . (3)

The maximum Higgs jet rapidity y(H)
J is limited by the

requirement that it be possible to tag its b-content. For
lepton identification and isolation we assume an 80% ef-
ficiency, in agreement with what we expect from a fast
Atlas detector simulation. The outline of our analysis is
then as follows (cross sections at various stages are sum-
marized in Tab. I):

(1) one of the two jets should pass the top tagger (de-
scribed below). If two jets pass we choose the one whose
top candidate is closer to the top mass.
(2) the Higgs tagger (also described below) runs over all
remaining jets with |y| < 2.5. It includes a double bottom
tag.
(2’) a third b tag can be applied in a separate jet analysis
after removing the constituents associated with the top
and Higgs.
(3) to compute the statistical significance we require
mrec

bb = mH ± 10 GeV.

In this analysis, QCD tt̄ plus jets production can fake
the signal assuming three distinct topologies: first, the
Higgs candidate jet can arise from two mis-tagged QCD
jets. The total rate without flavored jets exceeds tt̄bb̄
production by a factor of 200. This ratio can be balanced
by the two b tags inside the Higgs resonance. Secondly,
there is an O(10%) probability for the bottom from the
leptonic top decay to leak into the Higgs jet and combine
with a QCD jet, to fake a Higgs candidate. This topology
is the most dangerous and can be essentially removed by
a third b tag outside the Higgs and top substructures.
Finally, the bottom from the hadronic top can also leak

Higgs is boosted more in this channel
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Signal and backgrounds — We consider associated top
and Higgs production with one hadronic and one leptonic
top decay. The latter allows the events to pass the Atlas
and CMS triggers. The main backgrounds are

pp → tt̄bb̄ irreducible QCD background

pp → tt̄Z irreducible Z-peak background

pp → tt̄ + jets include fake bottoms (2)

To account for higher-order effects we normalize our to-
tal signal rate to the next-to-leading order prediction of
702 fb for mH = 120 GeV [21]. The tt̄bb̄ continuum back-
ground we normalize to 2.6 pb after the acceptance cuts
|yb| < 2.5, pT,b > 20 GeV and Rbb > 0.8 of Ref. [22]. This
conservative rate estimate for very hard events implies a
K factor of σNLO/σLO = 2.3 which we need to attach
to our leading-order background simulation — compared
to K = 1.57 for the signal. Finally, the tt̄Z background
at NLO is normalized to 1.1 pb [23]. For tt̄ plus jets
production we do not apply a higher-order correction be-
cause the background rejection cuts drives it into kine-
matic configuration in which a constant K factor cannot
be used. Throughout this analysis we use an on-shell top
mass of 172.3 GeV. All hard processes we generate using
MadEvent [24], shower and hadronize via Herwig++ [25]
(without g → bb̄ splitting) and analyze with FastJet [26].
We have verified that we obtain consistent results for sig-
nal and background using Alpgen [27] and Herwig 6.5 [28]

An additional background is W+jets production. The
Wjj rate starts from roughly 15 nb with pT,j > 20 GeV.
Asking for two very hard jets, mimicking the boosted
Higgs and top jets, and a leptonic W decay reduces this
rate by roughly three orders of magnitude. Our top
tagger described below gives a mis-tagging probability
around 5% including underlying event, the Higgs mass
window another reduction by a factor 1/10, i.e. the final
Wjj rate without flavor tags ranges around 100 fb.

Adding two bottom tags we expect a purely fake-
bottom contribution around 0.01 fb. To test the gen-
eral reliability of bottom tags in QCD background re-
jection we also simulate the Wjj background including
bottom quarks from the parton shower and find a re-
maining background of O(0.1 fb), well below 10% of the
tt̄+jets background already for two bottom tags. For
three bottom tags it is essentially zero, so we neglect it
in the following.

The charm-flavored Wcj rate starts off with 1/6 of
the purely mis-tagged Wjj rate. A tenfold mis-tagging
probability still leaves this background well below the
effect of bottoms from the parton shower. Finally, a
lower limit mrec

bb > 110 GeV keeps us safely away from
CKM-suppressed W → bc̄ decays where the charm is
mis-identified as a bottom jet.

Search strategy — The motivation for a tt̄H search
with boosted heavy states can be seen in Fig. 1: the
leading top quark and the Higgs boson both carry size-
able transverse momentum. We therefore first cluster
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FIG. 1: Normalized top and Higgs transverse momentum
spectra in tt̄H production (solid). We also show pT,H in
W−H production (dashed) and the pT of the harder jet in
W−jj production with pT,j > 20 GeV (dotted).

the event with the Cambridge/Aachen (C/A) jet algo-
rithm [29] using R = 1.5 and require two or more hard
jets and a lepton satisfying:

pT,j > 200 GeV |y(H)
j | < 2.5 |y(t)

j | < 4

pT,ℓ > 15 GeV |yℓ| < 2.5 . (3)

The maximum Higgs jet rapidity y(H)
J is limited by the

requirement that it be possible to tag its b-content. For
lepton identification and isolation we assume an 80% ef-
ficiency, in agreement with what we expect from a fast
Atlas detector simulation. The outline of our analysis is
then as follows (cross sections at various stages are sum-
marized in Tab. I):

(1) one of the two jets should pass the top tagger (de-
scribed below). If two jets pass we choose the one whose
top candidate is closer to the top mass.
(2) the Higgs tagger (also described below) runs over all
remaining jets with |y| < 2.5. It includes a double bottom
tag.
(2’) a third b tag can be applied in a separate jet analysis
after removing the constituents associated with the top
and Higgs.
(3) to compute the statistical significance we require
mrec

bb = mH ± 10 GeV.

In this analysis, QCD tt̄ plus jets production can fake
the signal assuming three distinct topologies: first, the
Higgs candidate jet can arise from two mis-tagged QCD
jets. The total rate without flavored jets exceeds tt̄bb̄
production by a factor of 200. This ratio can be balanced
by the two b tags inside the Higgs resonance. Secondly,
there is an O(10%) probability for the bottom from the
leptonic top decay to leak into the Higgs jet and combine
with a QCD jet, to fake a Higgs candidate. This topology
is the most dangerous and can be essentially removed by
a third b tag outside the Higgs and top substructures.
Finally, the bottom from the hadronic top can also leak
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S B S/B S/
√

B
mH = 115 GeV 120 380 1/3.2 6.2

120 GeV 100 380 1/3.8 5.1
130 GeV 51 330 1/6.5 2.8

This result shows that we can extract the tt̄H signal
with high significance. On the other hand, similar to the
original Atlas and CMS analyses it suffers from low S/B,
the impact of the poorly understood tt̄+jets background
with its different kinematic topologies, its large theory
uncertainty and potentially large next-to-leading order
corrections, and the missing underlying event.

To improve the signal-to-background ratio S/B and
remove the impact of the tt̄+jets background (at the ex-
pense of the final significance) we can apply a third b
tag. Targeting the second tt̄+jets topology we remove
the Higgs and top constituents from the event and cluster
the remaining particles into jets using the C/A algorithm
with R = 0.6, considering all jets with pT > 30 GeV.
Amongst these jets we require one b tag with η < 2.5
and a distance ∆Rb,j > 0.4 to the Higgs and top sub-
jets, assuming 60% efficiency and 2% purity. The last
row of Table I confirms that requiring three bottom tags
leaves the continuum tt̄bb̄ production as the only relevant
background.

In Fig. 3 we show the signal from the three leading (by
modified Jade distance) mrec

bb entries of double-b-tagged
combinations; our Higgs tagger returns a sharp mass
peak. The bigger tail towards small mrec

bb we can reduce
by only including the two leading jet combinations.
This does not change the significance but sculpts the
background more. Assuming that at this stage we
will know the Higgs mass, we estimate the background
from a clean right and a reasonably clean left side bin
combined with a next-to-leading order prediction. The
result of the triple b-tag analysis is then (again assuming
100 fb−1):

S B S/B S/
√

B
mH = 115 GeV 57 118 1/2.1 5.2 (5.7)

120 GeV 48 115 1/2.4 4.5 (5.1)
130 GeV 29 103 1/3.6 2.9 (3.0)

The numbers in parentheses are without underlying
event. While removing the highly uncertain tt̄+jets back-
ground has indeed lowered the final significance, the
background of the three b-tag analysis is completely dom-
inated by the well-behaved tt̄bb̄ continuum production.

Further improvements — One of the problems in this
analysis is that higher-order QCD effects harm its reach.
Turning this argument around, we can use the additional
QCD activity in the signal and continuum tt̄bb̄ back-
ground to improve our search. Before starting with the
fat-jet analysis we can for example analyze the four lead-
ing jets with a radius R = 0.6 and pT < 40 GeV and
require a set of jet-jet and jet-lepton separation crite-
ria [32]: we reject any event for which one of the three
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FIG. 3: Reconstructed bottom-pair mass mrec

bb for signal
(mH = 120 GeV) and backgrounds without (upper) and in-
cluding (lower) underlying event. The distributions shown
include three b tags.

conditions holds

cos θ∗j2j1
< −0.4 and ∆kT j3ℓ ϵ [70, 160] GeV

cos θ∗j3ℓ > 0.4 and ∆Rj2j3 > 2.5

∆Rjℓ > 3.5 for any of the four leading jets. (5)

θ∗P1P2
is the angle between p⃗1 in the center-of-mass frame

of P1+P2 and the center of mass direction (p⃗1+p⃗2) in the
lab frame. It is not symmetric in its arguments; if the two
particles are back to back and |p⃗1| > |p⃗2| it approaches
cos θ∗ = 1, whereas for |p⃗1| < |p⃗2| it becomes −1 [32].
The kT distance between two particles is (∆kT jℓ)

2 =
min(p2

T,j , p
2
T,ℓ)∆R2

jℓ. At this stage and with our limited
means of detector simulation this QCD pre-selection at
least shows that there are handles to further improve
S/B from 1/2.4 to roughly 1/2 (for mH = 120 GeV)
with hardly any change to the final significance.

In addition, we can envisage improving the analysis in
several ways in the context of a full experimental study,
including data to help constrain the simulations:
(1) Replace the mrec

bb side bins by a likelihood analysis of
the well-defined alternative of either tt̄H signal or tt̄bb̄
continuum background after three b tags. This increases
the final number of events, our most severe limitation.
(2) Provided the events can be triggered/tagged, include
two hadronic or two leptonic top decays. This more than
triples the available rate and includes a combinatorical
advantage of requiring one of two tops to be boosted.
(3) Without cutting on missing energy as part of the
acceptance cuts use its measurement within errors to as-
sign the correct jet to the leptonic top and become less
dependent on the third b tag.

Outlook — In this paper we have presented a new
strategy to extract the Higgs production process tt̄H with
the decay H → bb̄ at the LHC. After long debates this
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Measuring the signal strength in t¯tH with H ! b¯b
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A precise measurement of the Higgs boson couplings to bottom and top quarks is of paramount
importance during the upcoming LHC runs. We present a comprehensive analysis for the Higgs
production process in association with a semi-leptonically decaying top-quark pair and subsequent
Higgs boson decay into bottom quarks. Due to the highly complex final state and large Standard
Model backgrounds, measuring the signal strength in this process is known to be challenging. To
maximise the sensitivity, we analyse di↵erent, statistically independent, phase space regions, where
one or more of the heavy resonances are boosted. This allows us to employ jet substructure tech-
niques, which help to reduce large tt̄ + X backgrounds. We find that combining several tt̄H(bb̄)
phase space regions will allow one to measure deviations of the Standard Model signal strength of
order 20% with 3 ab�1.

I. INTRODUCTION

After the discovery of the Higgs boson [1, 2] the precise measurement of its properties is the foremost goal during
the upcoming LHC runs. All coupling measurements performed so far at 7 and 8 TeV centre-of-mass energy are in
good agreement with Standard Model (SM) predictions. However, while Higgs boson couplings to gauge bosons have
already been constrained in a fairly precise way [3], Higgs couplings to fermions are still plagued by large uncertainties.

Measuring Higgs couplings to bottom and top quarks is of particular importance. In the Standard Model, the
bottom quark coupling drives the total width �tot of the Higgs boson. When measuring the signal strength of any
Higgs production and decay process i, the observed number of events depends crucially on the branching ratio,
BRi = �i/�tot, of the Higgs boson into the process-specific final state. Hence, if �tot is only weakly constrained due
to a large uncertainty on the Higgs-bottom coupling cb, a precise measurement of any coupling will be hampered [4].
One way of measuring cb is to exploit Higgs boson production in association with a gauge boson in the H ! bb̄
decay channel [5, 6]. This process benefits from mild combinatorial issues in the reconstruction of the two resonances,
resulting in a favourable signal-to-background ratio. However, during run 1 ATLAS and CMS were only able to set
weak limits on cb, indicating the need for alternative ways to complement this measurement during the upcoming
runs of the LHC [7–10].

A direct measurement of the the Higgs-top coupling ct is desirable for several reasons: The comparatively large
top quark mass, which is not explained in the Standard Model, is directly proportional to ct and contributes in a
dominant way to the destabilisation of the electroweak scale [11, 12]. An independent measurement of ct in addition to
a measurement of the Higgs self-coupling can help to evaluate if the electroweak vacuum is stable or only meta-stable
on cosmological time scales. Further, many new physics scenarios predict deviations of ct from its SM value, e.g.
well-known examples include generic two Higgs-doublet models, the MSSM or composite Higgs models. While the
loop-induced gg ! H and H ! �� processes are sensitive to ct, direct access can only be obtained by measuring the
production cross section of the Higgs boson in association with top quarks, e.g. tt̄H or tH, with the former having a
seven times larger cross section in the Standard Model [13–16]. Hence, for the quality of a global fit of Higgs boson
properties a precise measurement of ct through tt̄H production is indispensable⇤.

Both of LHC’s multipurpose experiments, ATLAS and CMS, have set limits on ct in various channels during Run 1
[27–29]. For a light Higgs boson of 125 GeV produced in association with a tt̄ pair phenomenological studies have
predicted sensitivity in decays of the Higgs boson to leptonic taus or W bosons [30–33], photons [34] and bottom
quarks [7, 35]. Decays into leptonic taus and W s can give rise to same-sign lepton signatures which, similarly to
di-photon signatures, result in a significantly improved signal-to-background ratio at the expense of a very small

⇤
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†
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‡
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§
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⇤

Top associated production allows to study the quantum numbers of the scalar particle using di↵erential distributions of the decay products

[17–26].
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FIG. 1: Feynman diagrams for tree-level production of single-
top + Higgs. The diagram on the left (right) is proportional
to CWWH (CttH).

Yukawa coupling provides valuable information necessary
to break the measurements’ degeneracy in the extended
top sector, where an enlarged (global) symmetry is re-
sponsible for the “conspiracy” to SM-like ggH and γγH
couplings [10]. This is especially true when the top part-
ners fall outside the LHC coverage or are masked by ex-
perimental systematics. Similar phenomenological impli-
cations also hold for exotic models with Higgs triplets,
see e.g. [12].
The above examples clearly show that, despite being

extremely interesting and seminal to Higgs physics, the
presence of potentially unknown loop effects (in addition
to the LHC being unable to directly measure the total
Higgs width to satisfactory accuracy) makes the ggH and
γγH not ideal to set theoretically solid bounds on the
tree-level tt̄H coupling in a model-independent way. It is
therefore important to complement these indirect mea-
surements with direct observations of processes where yt
enters already at tree-level.
At the LHC there are two basic processes which serve

this purpose: tt̄ associated production (pp → tt̄H) and
Higgs + single-top production (pp → tHj). An ex-
perimental observation of these production channels is
challenging because cross sections are in general quite
small (tt̄H has the smallest cross section among the stan-
dard Higgs-production processes), and, moreover, back-
grounds are generically hard to suppress.
Not surprisingly, until new techniques were introduced

few years ago [13–17], there were serious doubts even
about being able to observe the pp → tt̄H signal on top
of the dominant backgrounds [18] in the first place. As-
sociated single-top production [19] has an even slightly
smaller cross section, and, for similar reasons, has re-
ceived little attention [20, 21] until recently. Despite of
the aforementioned experimental difficulties, given the
importance of the top Yukawa as a parameter poten-
tially probing new physics, it is worthwhile to investigate
the signatures that might allow its direct extraction. Al-
though current projections indicate that a direct mea-
surement will be challenging (at least with traditional
analysis techniques), studying the extent to which yt can
be directly bounded remains a relevant and timely ques-
tion.
The purpose of this paper is to perform a phenomeno-

logical analysis of a signal based on associated single-top
production, and to discuss in how far we can use a suc-

cessful signal and background analysis to constrain yt.
We will show that despite the fact that the top semilep-
tonic and the H → γγ branchings are not the domi-
nant ones, it is still possible to obtain limits for the high-
luminosity LHC.
In Sec. II we briefly overview the phenomenology of

Higgs + single-top production. In Sec. III we detail our
analysis and present our results, before we summarize
our findings and conclude in Sec. IV.

II. HIGGS + SINGLE-TOP PHENOMENOLOGY

At the lowest order in perturbation theory, the
hadroproduction of Higgs + single-top arises from the
Feynman diagrams shown in Fig. 1.∗ These two diagrams
show that the top Yukawa enters at tree-level, and, more-
over, because of the interference taking place at the am-
plitude level, the squared matrix-element contains a term
linear in CttHCWWH , where we have parameterized the
deviations from the SM Higgs couplings

CSM
ttH = −

yt√
2
= −

mt

vSM
, CSM

WWH = g2W
vSM
2

(1)

as

CttH = ct × CSM
ttH , CWWH = cv × CSM

WWH . (2)

Since the Higgs insertion at a fermion line introduces a
chirality flip, dialling CttH away from its SM value is tan-
tamount to populating different (anti-)top helicity states
that in turn result in different top decay patterns in com-
parison to the SM. It is the combination of these effects
that motivates the tHj channel as a unique tool for estab-
lishing a direct measurement of sign and size of the top
Yukawa as opposed to pp → tt̄H . Hence it is no surprise
that tHj production has recently received considerable
attention from the theory community [25–28].
Recent global fits of the Higgs couplings are now ruling

out the ct < 0 possibility well above the 95% CL [29, 30],
and start constraining the ct > 0 parameter region with
available Higgs data.† Very recently it has also been no-
ticed that a CP-violating component to the top Yukawa
coupling (∼ i C̃ttH(t̄γ5t)H) can be studied in this chan-
nel [7], complementing bounds obtained from low-energy
experiments [6]. We do not include this possibility in

∗ In this paper we work in the 5-flavour scheme, which means that
in the initial state we consider massless b-quark. For this reason,
we neglect diagrams with the Higgs being emitted off b-quarks.
In the single-top literature, it is known that a 5-flavour approach
compares well with a computation in the 4-flavour scheme, that
would allow in turn a better description of the spectator b-jet [22–
24].

† Obviously direct measurement constraints are statistically lim-
ited in the present case and will be not as tight as the indirectly
obtained ones.

Top Yukawa through thj

Christoph Englert, Emmanuel Re ‘14
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FIG. 1: Feynman diagrams for tree-level production of single-
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to CWWH (CttH).
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to break the measurements’ degeneracy in the extended
top sector, where an enlarged (global) symmetry is re-
sponsible for the “conspiracy” to SM-like ggH and γγH
couplings [10]. This is especially true when the top part-
ners fall outside the LHC coverage or are masked by ex-
perimental systematics. Similar phenomenological impli-
cations also hold for exotic models with Higgs triplets,
see e.g. [12].
The above examples clearly show that, despite being

extremely interesting and seminal to Higgs physics, the
presence of potentially unknown loop effects (in addition
to the LHC being unable to directly measure the total
Higgs width to satisfactory accuracy) makes the ggH and
γγH not ideal to set theoretically solid bounds on the
tree-level tt̄H coupling in a model-independent way. It is
therefore important to complement these indirect mea-
surements with direct observations of processes where yt
enters already at tree-level.
At the LHC there are two basic processes which serve

this purpose: tt̄ associated production (pp → tt̄H) and
Higgs + single-top production (pp → tHj). An ex-
perimental observation of these production channels is
challenging because cross sections are in general quite
small (tt̄H has the smallest cross section among the stan-
dard Higgs-production processes), and, moreover, back-
grounds are generically hard to suppress.
Not surprisingly, until new techniques were introduced

few years ago [13–17], there were serious doubts even
about being able to observe the pp → tt̄H signal on top
of the dominant backgrounds [18] in the first place. As-
sociated single-top production [19] has an even slightly
smaller cross section, and, for similar reasons, has re-
ceived little attention [20, 21] until recently. Despite of
the aforementioned experimental difficulties, given the
importance of the top Yukawa as a parameter poten-
tially probing new physics, it is worthwhile to investigate
the signatures that might allow its direct extraction. Al-
though current projections indicate that a direct mea-
surement will be challenging (at least with traditional
analysis techniques), studying the extent to which yt can
be directly bounded remains a relevant and timely ques-
tion.
The purpose of this paper is to perform a phenomeno-

logical analysis of a signal based on associated single-top
production, and to discuss in how far we can use a suc-

cessful signal and background analysis to constrain yt.
We will show that despite the fact that the top semilep-
tonic and the H → γγ branchings are not the domi-
nant ones, it is still possible to obtain limits for the high-
luminosity LHC.
In Sec. II we briefly overview the phenomenology of

Higgs + single-top production. In Sec. III we detail our
analysis and present our results, before we summarize
our findings and conclude in Sec. IV.

II. HIGGS + SINGLE-TOP PHENOMENOLOGY

At the lowest order in perturbation theory, the
hadroproduction of Higgs + single-top arises from the
Feynman diagrams shown in Fig. 1.∗ These two diagrams
show that the top Yukawa enters at tree-level, and, more-
over, because of the interference taking place at the am-
plitude level, the squared matrix-element contains a term
linear in CttHCWWH , where we have parameterized the
deviations from the SM Higgs couplings

CSM
ttH = −

yt√
2
= −

mt

vSM
, CSM

WWH = g2W
vSM
2

(1)

as

CttH = ct × CSM
ttH , CWWH = cv × CSM

WWH . (2)

Since the Higgs insertion at a fermion line introduces a
chirality flip, dialling CttH away from its SM value is tan-
tamount to populating different (anti-)top helicity states
that in turn result in different top decay patterns in com-
parison to the SM. It is the combination of these effects
that motivates the tHj channel as a unique tool for estab-
lishing a direct measurement of sign and size of the top
Yukawa as opposed to pp → tt̄H . Hence it is no surprise
that tHj production has recently received considerable
attention from the theory community [25–28].
Recent global fits of the Higgs couplings are now ruling

out the ct < 0 possibility well above the 95% CL [29, 30],
and start constraining the ct > 0 parameter region with
available Higgs data.† Very recently it has also been no-
ticed that a CP-violating component to the top Yukawa
coupling (∼ i C̃ttH(t̄γ5t)H) can be studied in this chan-
nel [7], complementing bounds obtained from low-energy
experiments [6]. We do not include this possibility in

∗ In this paper we work in the 5-flavour scheme, which means that
in the initial state we consider massless b-quark. For this reason,
we neglect diagrams with the Higgs being emitted off b-quarks.
In the single-top literature, it is known that a 5-flavour approach
compares well with a computation in the 4-flavour scheme, that
would allow in turn a better description of the spectator b-jet [22–
24].

† Obviously direct measurement constraints are statistically lim-
ited in the present case and will be not as tight as the indirectly
obtained ones.

Constructive or destructive interference 
depending on the sign of top Yukawa

Larger value could result in different decay  
patterns (right tops)

Photon decay mode of the Higgs is considered

yt � 0.5ySM
t 95 pc CL at HL LHC 
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FIG. 2: Distribution of events for both the matrix element method likelihood ratio (left) and shower deconstruction (right)
after the analysis steps described in Sec. III have been carried out.
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FIG. 3: Expected background distribution of the shower de-
construction output for luminosities of 20 fb−1 and 200 fb−1.
Note that the statistical uncertainty becomes negligible. For
the 200 fb−1 case we also compare the background fit to the
Higgs signal distribution (multiplied by a factor 100). Ex-
ploiting the different shape of the signal above a well-modeled
background is key to the limit setting described in the text.
The (asymmetric) error bars on each bin are calculated using
quantiles following the ATLAS statistics recommendations
[41] inputting the expected background count.

in H → γγ searches). Concretely we find the signal to be
clustered around log(χSD) ≃ 6 while the background dis-
tribution is a smooth Gaussian-like distribution of Eq. (6)
in the search region log(χSD) > 5.

At a luminosity <
∼ 100 fb the total number of signal

events, as well as the different shape of the signal distri-
bution, Figs. 3 and 4, becomes resolvable on the basis of
the binned log likelihood method of [39, 42] (we stress
again that the error bars in Figs. 3 and 4 are purely ex-
emplary; the correct combined background+signal distri-
butions are sampled in using the methods of [39, 42] and
taken into account in the limits we quote). This means

exp. signal data 100/fb
exp. signal data 200/fb
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FIG. 4: Expected signal distribution of the shower decon-
struction output for 100 and 200 fb−1. We also plot sig-
nal pseudo-data to highlight the expected scatter of the sig-
nal events for the ideal scenario of a perfect background fit.
The (asymmetric) error bars on each bin are calculated us-
ing the ATLAS statistics recommendations [41] inputting the
expected signal count.

we can start excluding the SM at 95% confidence level
in case the Higgs has a suppressed bottom Yukawa inter-
action, Fig. 5. On the other hand, assuming a SM-like
Higgs boson, we can turn this exclusion into a coupling
measurement. Projecting to 600 fb−1, we obtain a con-
straint

0.82 < yb/y
SM
b < 1.14

at 95% confidence level by propagating the impact of the
modified bottom Yukawa interaction through the Higgs
production and decay phenomenology while keeping all
other Higgs couplings fixed to their SM values.
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We consider ZH and WH production at the Large Hadron Collider, where the Higgs decays to a
bb̄ pair. We use jet substructure techniques to reconstruct the Higgs boson and construct angular
observables involving leptonic decay products of the vector bosons. These efficiently discriminate
between the tensor structure of the HV V vertex expected in the Standard Model and that arising
from possible new physics, as quantified by higher dimensional operators. This can then be used to
examine the CP nature of the Higgs as well as CP mixing effects in the HZZ and HWW vertices
separately.

The recently discovered Higgs-like particle [1] at the
Large Hadron Collider (LHC) will dominate global parti-
cle physics effort for many years to come. Whether or not
this is the Standard Model (SM) Higgs boson necessitates
precise study of its couplings to other SM particles in all
production and decay channels. In this letter we focus on
the determination of the tensor structure and hence the
CP properties of the vertex responsible for the produc-
tion of a Higgs boson associated with a V = W,Z boson
as well as CP violating effects in the same. We show that
this process allows one to disentangle CP even and CP
odd new physics from the SM contribution (and from
each other). Furthermore, one may probe the HWW
and HZZ vertices separately. The V H channel, though
subdominant, has been shown to be viable due to the
use of modern jet substructure techniques [2]. We show
that, interestingly, the very kinematic cuts that are re-
quired to make the detection of the V H channel viable
at the LHC using this technique, automatically add to
its discriminatory power.
Corrections to the Standard ModelHV V vertex can be

written by supplementing the SM Lagrangian with higher
dimensional operators that can originate from Beyond
the SM (BSM) physics:

g2W
c1
2Λ2

1

Φ†ΦFµν F
µν , g2W

c2
2Λ2

2

Φ†Φ F̃µν F
µν , (1)

with gW and Fµν the electroweak coupling constant and
SU(2) field strength tensor, F̃µν = ϵµναβFαβ , Φ the
(SU(2) doublet) Higgs field and ci (complex) constants.
These operators (CP even / odd respectively) arise from
integrating out higher energy dynamics, are suppressed
by mass scales Λ2

i , and modify the HWW vertex to

igWMW

[

gµν +
4c1
Λ2
1

(pµqν − gµνp · q) +
8c2
Λ2
2

ϵµνρσpρqσ

]

(2)
whereMW is theW boson mass and p and q theW boson
momenta.
The nature of the HZZ interaction in the four lep-

ton channel was investigated in [3–7] and has now been
probed with current LHC data, disfavouring a pure

pseudoscalar hypothesis at ∼ 2–3 σ [8, 9] . Similar con-
straints on the HWW vertex using the H → WW
decay are hard to achieve since the kinematical cuts
necessary to eliminate backgrounds hamper the analy-
sis. Although the tensor structure of the HV V vertex
can be investigated using kinematic and angular corre-
lations [10, 11] in Vector Boson Fusion (VBF), one can-
not separately study the Z and W contributions in this
channel. Furthermore, non-SM HV V vertices have a re-
duced acceptance to VBF-like kinematic cuts. Electron-
positron colliders with polarized beams can offer preci-
sion information on the HZZ vertex (e.g. CP structure),
via angular distributions of leptonic decay products of
the vector bosons [12, 13]. However, the determina-
tion of the HWW vertex [13], possible only by studying
e+e− → νν̄H , has an irreducible background from ZH
production followed by Z → νν̄. Thus an unambiguous
separate determination of the HWW and HZZ vertices
through VBF is possible only at the proposed LHeC [14].
In order to elucidate the nature of the HV V couplings
at the LHC, one is unavoidably led to V H production.
At the LHC, where until recently even the detection

of the Higgs in the V H channel was considered difficult,
studies of the nature of the HV V vertex were not con-
templated. Here we show that modern jet substructure
techniques [2], which probe the kinematical region where
the Higgs is highly boosted and decays to a bb̄ pair, in-
crease the sensitivity to BSM couplings. We furthermore
demonstrate that angular correlations of decay leptons
produced in the V H process, are able to distinguish be-
tween the different contributions in eq. (1). We simu-
late all processes using MadGraph5 [15] interfaced with
Pythia6 [16] and use the FastJet package [17] to cluster
the jets. The effective Lagrangian was implemented in
FeynRules [18].

EVENT SELECTION

It is important to apply selection criteria to distinguish
between the signal and background processes. For ZH
production we require:

3

to larger Higgs boosts and a reduced separation between
the leptons (Rll), and b jets Rbb. Consequently, the above
selection cuts enhance BSM effects. In Table I, one sees
the acceptance of these operators to the selection cuts is
very good: ∼ 4 (∼ 6) times the SM acceptance for the
CP even (odd) operator.

In Fig. 1, we consider the SM Lagrangian sup-
plemented by either the CP odd or even opera-
tor applied to the WH channel. We show the
ratio of the SM+BSM and SM cross-sections both
for the total cross-section (R±

tot = σSM+BSM±
tot /σSM

tot )
and the cross-section after applying selection cuts
(Rjetsub± = σSM+BSM±

jetsub /σSM
jetsub). As expected, the

BSM contribution is larger for smaller values of the new
physics scales Λi. We also see that Rjetsub increases at a
faster rate than Rtot with decreasing values of Λi. While
the rates alone cannot provide information about the
HV V interactions, the variation of the rates with the
pT cuts used can provide information on the presence of
BSM physics. This behaviour would also be observable
in both pp → ZH → ll̄bb̄ and pp → ZH → νν̄bb̄.

ANGULAR OBSERVABLES

To fully distinguish CP even and odd BSM contribu-
tions, one must construct CP-odd observables, which is
difficult in principle [23]. For ZH production, Ref. [24]
considered two such observables, although these are
sensitive to radiation and hadronisation corrections;
Ref. [25] defined observables which are insensitive to the
CP structure of BSM contributions. Ref. [26] examined
WH production with the decay H → WW , though the
effect of the BSM CP even term was not considered. Re-
cently an analysis of Tevatron data used the transverse
mass to distinguish between a CP odd, spin-2 and SM
state [27], although this does not distinguish between the
CP even and CP odd terms and has shown to be an in-
sensitive observable at the LHC [21]. The suggestion in
Ref. [3] to distinguish the CP nature from threshold be-
haviour is incompatible with jet substructure methods,
which require the Higgs be highly boosted. However, the
Lorentz structure of the BSM vertices will be reflected
in the angular distribution of the gauge boson’s decay
products. The momenta of the V and Higgs bosons are
reconstructed from the leptons and jets as follows:

pV = pl1 + pl2 , pH = pb1 + pb2 + pj , (3)

where {pbi} are the momenta of the b jets, pj is the mo-
mentum of the light quark jet if it is reconstructed and pl1
and pl2 are the momenta of the lepton and the anti-lepton
respectively (for WH , pl1 corresponds to the lepton mo-
mentum and pl2 to the neutrino). With these momenta,

Asymmetries ZHSM ZH0−
BSM

ZH0+
BSM

Z+jets

A(cos θ∗) 0.35 -0.05 -0.02 0.07

A(cos δ+) -0.207 -0.262 0.088 -0.188

A(cos δ−) -0.209 -0.435 -0.103 -0.321

TABLE II. Asymmetries for the angles defined eq. 4 in ZH
production for the SM and BSM vertices at 14 TeV LHC after
application of all cuts.

Asymmetries WHSM WH0−
BSM

WH0+
BSM

W+jets

A(cos θ∗) 0.3960.4130.411 0.0730.0820.060 0.1000.0960.095 0.1420.1520.132

A(cos δ+) −0.150−0.204
−0.161 −0.284−0.342

−0.289 0.1420.0930.141 −0.138−0.189
−0.138

A(cos δ−) −0.058−0.104
−0.059 −0.353−0.403

−0.367 0.042−0.003
0.030 −0.118−0.173

−0.135

TABLE III. Asymmetries for WH production. The numbers
are written as BTMCT

BN , where BN , MCT and BT are the
three reconstructions of the neutrino momentum.

we may define

cos θ∗ =
p⃗ (V )
l1

· p⃗V
|p⃗ (V )

l1
| |p⃗V |

, cos δ+ =
p⃗ (V )
l1

· (p⃗V × p⃗H)

|p⃗ (V )
l1

| |p⃗V × p⃗H |
,

cos δ− =
(p⃗ (H−)

l1
× p⃗ (H−)

l2
) · p⃗V

|(p⃗ (H−)
l1

× p⃗ (H−)
l2

)||p⃗V |
. (4)

Here p⃗ (Y )
X corresponds to the three momentum of the

particle X in the rest frame of the particle Y . If Y is not
specified then the momentum is defined in the lab frame.
Momenta labels are as follows: H corresponds to the
Higgs boson,H− stands for the four momentum obtained
when the sign of the spatial component of the Higgs mo-
mentum is inverted (p⃗H → −p⃗H) and V = W±, Z.
Fig. 2 shows distributions of these angles in WH pro-

duction for pure SM, pure BSM and for the dominant W
+ jets background. The cos θ∗ distribution is the same
for the backgrounds and both BSM operators. The angle
cos θ∗ was first defined in [12], and distinguishes the SM
from BSM operators, whereas cos δ+ distinguishes the
BSM CP even contribution. Finally, cos δ− distinguishes
the CP odd and CP even (SM or BSM) contributions.
Results for ZH production (not shown) are qualitatively
similar. Also, the distributions for cos θ∗ and cos δ+ are
the same if p⃗l1 is replaced by p⃗l2 in eq. (4), so one could
use both leptons to improve the statistics.

Asymmetries

Motivated by Fig. 2, we define the asymmetry param-
eters

A(X) =
σ(|X | < 0.5)− σ(|X | > 0.5)

σ(|X | < 0.5) + σ(|X | > 0.5)
(5)

where X ∈ {cos θ∗, cos δ+, cos δ−}. The SM, pure BSM
and the dominant background are shown for ZH and
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FIG. 2. Distributions of the angles defined in eq. (4) for WH production in the SM (solid red lines), pure BSM CP even
(dot-dashed blue lines), pure BSM CP odd (dashed green lines) and for the dominant W + jets background (dotted black
lines). (a) cos θ∗ , (b) cos δ+ (c) cos δ− , constructed with the BT algorithm.

 [TeV]Λ
0.4 0.5 0.6 0.7 0.8 0.9 1

A
(x

)

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

*)θ BSM 0- Cos(
+)δ BSM 0- Cos(
-)δ BSM 0- Cos(
*)θ BSM 0+ Cos(
+)δ BSM 0+ Cos(
-)δ BSM 0+ Cos(

*)θ SM Cos(
+)δ SM Cos(
-)δ SM Cos(

FIG. 3. The value of the asymmetries defined in eq. (5) for
the CPC and CPV scenarios for WH production, constructed
with the BT algorithm. The strength of the BSM contribu-
tion is varied through the parameters Λi. The horizontal lines
indicate the asymmetry in the SM. The contribution from the
dominant Wjj background is included in the evaluation of
these asymmetries. The statistical uncertainty in the deter-
mination of these asymmetries for 300 fb−1 of data for 14 TeV
LHC is shown by the shaded regions for SM and by the error
bars for BSM scenarios.

WH production in Tables II and III respectively. We see
that A(cos θ∗) discriminates SM from pure BSM contri-
butions for both WH and ZH production. The other
angles discriminate the BSM CP odd and even vertices.
In WH production, reconstruction ambiguities of the W
shift the absolute value of the asymmetries by roughly the
same amount, cf. Table III. Thus differences in asymme-
tries are robust against this systematic uncertainty.
In Fig. 3 we show the variation of these asymmetries

with Λi in WH production, including the new operators

with the SM. Their mutual interference gives CP con-
serving (CPC) or CP violating (CPV) processes if the
CP even or odd operators are present respectively. Our
results include the dominant Wjj background. As ex-
pected, the asymmetries approach the SM value with in-
creasing Λi. For cos θ∗ the CP even and odd operators
both reduce the asymmetry, whereas for cos δ± their ef-
fects are of opposite sign. One can thus effectively dis-
criminate the BSM contributions to the vertex. Similar
results are obtained for ZH production. Fig. 3 includes
an estimate of the statistical uncertainty. Bounds on the
value of Λi > 400GeV can be easily placed and for the
CPV scenario this may be extended up to Λ2 > 600GeV
for 300 fb−1 of LHC data. Obviously the suggested reach
of 3000 fb−1 of data for LHC will reduce the uncertain-
ties and therefore higher values of scales Λi can be probed
with more data. One may also combine kinematic and
asymmetry information in a multivariate analysis.

CONCLUSIONS

We examine ZH and WH production at the LHC,
where the Higgs decays to a bb̄ pair. Combining jet sub-
structure techniques with vector boson polarisation (via
angular distributions of decay products), we give observ-
ables that can distinguish between new operators cou-
pling the Higgs to vector bosons. Importantly (given that
the newly discovered boson cannot be purely CP-odd),
our analysis applies when both BSM and SM operators
are present, and mutually interfere. We show that in
V H production, sensitivity to BSM physics is enhanced
through an increased acceptance of BSM couplings to the
selection cuts, and the HWW and HZZ couplings can
be studied independently of each other. Further investi-
gation, including possible detector effects, is ongoing.

Boosting Higgs CP properties
Godbole, Miller, Mohan, White ’13, ‘15

Modifications to the HVV vertex

Distinguish using angular observables
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to larger Higgs boosts and a reduced separation between
the leptons (Rll), and b jets Rbb. Consequently, the above
selection cuts enhance BSM effects. In Table I, one sees
the acceptance of these operators to the selection cuts is
very good: ∼ 4 (∼ 6) times the SM acceptance for the
CP even (odd) operator.

In Fig. 1, we consider the SM Lagrangian sup-
plemented by either the CP odd or even opera-
tor applied to the WH channel. We show the
ratio of the SM+BSM and SM cross-sections both
for the total cross-section (R±

tot = σSM+BSM±
tot /σSM

tot )
and the cross-section after applying selection cuts
(Rjetsub± = σSM+BSM±

jetsub /σSM
jetsub). As expected, the

BSM contribution is larger for smaller values of the new
physics scales Λi. We also see that Rjetsub increases at a
faster rate than Rtot with decreasing values of Λi. While
the rates alone cannot provide information about the
HV V interactions, the variation of the rates with the
pT cuts used can provide information on the presence of
BSM physics. This behaviour would also be observable
in both pp → ZH → ll̄bb̄ and pp → ZH → νν̄bb̄.

ANGULAR OBSERVABLES

To fully distinguish CP even and odd BSM contribu-
tions, one must construct CP-odd observables, which is
difficult in principle [23]. For ZH production, Ref. [24]
considered two such observables, although these are
sensitive to radiation and hadronisation corrections;
Ref. [25] defined observables which are insensitive to the
CP structure of BSM contributions. Ref. [26] examined
WH production with the decay H → WW , though the
effect of the BSM CP even term was not considered. Re-
cently an analysis of Tevatron data used the transverse
mass to distinguish between a CP odd, spin-2 and SM
state [27], although this does not distinguish between the
CP even and CP odd terms and has shown to be an in-
sensitive observable at the LHC [21]. The suggestion in
Ref. [3] to distinguish the CP nature from threshold be-
haviour is incompatible with jet substructure methods,
which require the Higgs be highly boosted. However, the
Lorentz structure of the BSM vertices will be reflected
in the angular distribution of the gauge boson’s decay
products. The momenta of the V and Higgs bosons are
reconstructed from the leptons and jets as follows:

pV = pl1 + pl2 , pH = pb1 + pb2 + pj , (3)

where {pbi} are the momenta of the b jets, pj is the mo-
mentum of the light quark jet if it is reconstructed and pl1
and pl2 are the momenta of the lepton and the anti-lepton
respectively (for WH , pl1 corresponds to the lepton mo-
mentum and pl2 to the neutrino). With these momenta,

Asymmetries ZHSM ZH0−
BSM

ZH0+
BSM

Z+jets

A(cos θ∗) 0.35 -0.05 -0.02 0.07

A(cos δ+) -0.207 -0.262 0.088 -0.188

A(cos δ−) -0.209 -0.435 -0.103 -0.321

TABLE II. Asymmetries for the angles defined eq. 4 in ZH
production for the SM and BSM vertices at 14 TeV LHC after
application of all cuts.

Asymmetries WHSM WH0−
BSM

WH0+
BSM

W+jets

A(cos θ∗) 0.3960.4130.411 0.0730.0820.060 0.1000.0960.095 0.1420.1520.132

A(cos δ+) −0.150−0.204
−0.161 −0.284−0.342

−0.289 0.1420.0930.141 −0.138−0.189
−0.138

A(cos δ−) −0.058−0.104
−0.059 −0.353−0.403

−0.367 0.042−0.003
0.030 −0.118−0.173

−0.135

TABLE III. Asymmetries for WH production. The numbers
are written as BTMCT

BN , where BN , MCT and BT are the
three reconstructions of the neutrino momentum.

we may define

cos θ∗ =
p⃗ (V )
l1

· p⃗V
|p⃗ (V )

l1
| |p⃗V |

, cos δ+ =
p⃗ (V )
l1

· (p⃗V × p⃗H)

|p⃗ (V )
l1

| |p⃗V × p⃗H |
,

cos δ− =
(p⃗ (H−)

l1
× p⃗ (H−)

l2
) · p⃗V

|(p⃗ (H−)
l1

× p⃗ (H−)
l2

)||p⃗V |
. (4)

Here p⃗ (Y )
X corresponds to the three momentum of the

particle X in the rest frame of the particle Y . If Y is not
specified then the momentum is defined in the lab frame.
Momenta labels are as follows: H corresponds to the
Higgs boson,H− stands for the four momentum obtained
when the sign of the spatial component of the Higgs mo-
mentum is inverted (p⃗H → −p⃗H) and V = W±, Z.
Fig. 2 shows distributions of these angles in WH pro-

duction for pure SM, pure BSM and for the dominant W
+ jets background. The cos θ∗ distribution is the same
for the backgrounds and both BSM operators. The angle
cos θ∗ was first defined in [12], and distinguishes the SM
from BSM operators, whereas cos δ+ distinguishes the
BSM CP even contribution. Finally, cos δ− distinguishes
the CP odd and CP even (SM or BSM) contributions.
Results for ZH production (not shown) are qualitatively
similar. Also, the distributions for cos θ∗ and cos δ+ are
the same if p⃗l1 is replaced by p⃗l2 in eq. (4), so one could
use both leptons to improve the statistics.

Asymmetries

Motivated by Fig. 2, we define the asymmetry param-
eters

A(X) =
σ(|X | < 0.5)− σ(|X | > 0.5)

σ(|X | < 0.5) + σ(|X | > 0.5)
(5)

where X ∈ {cos θ∗, cos δ+, cos δ−}. The SM, pure BSM
and the dominant background are shown for ZH and
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FIG. 2. Distributions of the angles defined in eq. (4) for WH production in the SM (solid red lines), pure BSM CP even
(dot-dashed blue lines), pure BSM CP odd (dashed green lines) and for the dominant W + jets background (dotted black
lines). (a) cos θ∗ , (b) cos δ+ (c) cos δ− , constructed with the BT algorithm.
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FIG. 3. The value of the asymmetries defined in eq. (5) for
the CPC and CPV scenarios for WH production, constructed
with the BT algorithm. The strength of the BSM contribu-
tion is varied through the parameters Λi. The horizontal lines
indicate the asymmetry in the SM. The contribution from the
dominant Wjj background is included in the evaluation of
these asymmetries. The statistical uncertainty in the deter-
mination of these asymmetries for 300 fb−1 of data for 14 TeV
LHC is shown by the shaded regions for SM and by the error
bars for BSM scenarios.

WH production in Tables II and III respectively. We see
that A(cos θ∗) discriminates SM from pure BSM contri-
butions for both WH and ZH production. The other
angles discriminate the BSM CP odd and even vertices.
In WH production, reconstruction ambiguities of the W
shift the absolute value of the asymmetries by roughly the
same amount, cf. Table III. Thus differences in asymme-
tries are robust against this systematic uncertainty.
In Fig. 3 we show the variation of these asymmetries

with Λi in WH production, including the new operators

with the SM. Their mutual interference gives CP con-
serving (CPC) or CP violating (CPV) processes if the
CP even or odd operators are present respectively. Our
results include the dominant Wjj background. As ex-
pected, the asymmetries approach the SM value with in-
creasing Λi. For cos θ∗ the CP even and odd operators
both reduce the asymmetry, whereas for cos δ± their ef-
fects are of opposite sign. One can thus effectively dis-
criminate the BSM contributions to the vertex. Similar
results are obtained for ZH production. Fig. 3 includes
an estimate of the statistical uncertainty. Bounds on the
value of Λi > 400GeV can be easily placed and for the
CPV scenario this may be extended up to Λ2 > 600GeV
for 300 fb−1 of LHC data. Obviously the suggested reach
of 3000 fb−1 of data for LHC will reduce the uncertain-
ties and therefore higher values of scales Λi can be probed
with more data. One may also combine kinematic and
asymmetry information in a multivariate analysis.

CONCLUSIONS

We examine ZH and WH production at the LHC,
where the Higgs decays to a bb̄ pair. Combining jet sub-
structure techniques with vector boson polarisation (via
angular distributions of decay products), we give observ-
ables that can distinguish between new operators cou-
pling the Higgs to vector bosons. Importantly (given that
the newly discovered boson cannot be purely CP-odd),
our analysis applies when both BSM and SM operators
are present, and mutually interfere. We show that in
V H production, sensitivity to BSM physics is enhanced
through an increased acceptance of BSM couplings to the
selection cuts, and the HWW and HZZ couplings can
be studied independently of each other. Further investi-
gation, including possible detector effects, is ongoing.
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Characterizing the 125 GeV Higgs is a critical component of the physics program at the LHC
Run II. In this Letter, we consider tt̄H associated production in the dileptonic mode. We demon-
strate that the di↵erence in azimuthal angle between the leptons from top decays can directly reveal
the CP-structure of the top-Higgs coupling with the sensitivity of the measurement substantially
enhanced in the boosted Higgs regime. We first show how to access this channel via H ! bb̄
jet-substructure tagging, then demonstrate the ability of the new variable to measure CP. Our anal-
ysis includes all signal and background samples simulated via the MC@NLO algorithm including
hadronization and underlying-event e↵ects. Using boosted Higgs substructure with dileptonic tops,
we find that the top-Higgs coupling strength and the CP structure can be directly probed with
achievable luminosity at the 13 TeV LHC.

Determining the properties of the Higgs particle H
at 125 GeV will provide important information about
the as-yet unknown physics beyond the Standard Model
(SM), and is therefore an important focus of the LHC
Run II. Presently its couplings to W and Z gauge bosons
are directly measured through the Higgs decays to vec-
tor boson pair and are consistent with a spin-0 particle
with SM-strength CP-even couplings [1–5]. However, the
ratios between scalar and pseudoscalar couplings might
di↵er from channel to channel in the presence of CP vi-
olation. Hence, it is of fundamental importance to ac-
cess this information in as many channels as possible.1

Of particular interest is the coupling to top quarks, as
ySM
t ⇠ O(1).
The strength and CP-structure of the top-Higgs cou-

pling are currently inferred from the measured Higgs-
gluon and Higgs-photon interactions through the produc-
tion gg ! H and decay H ! �� channels [7, 8], as well
as constraints on electron dipole moments [9]. However,
as these couplings are loop-induced, the measurements
could be a combination of SM and new physics [10, 11].
Direct measurements of both the strength and CP-
properties of this coupling are necessary to disentangle
new physics e↵ects. The associated Higgs with tt̄ pair
production qualifies as the most direct probe.

In this Letter, we demonstrate that the tt̄H channel
can be measured with dileptonic top pairs and Higgs
decay to bb̄ via jet substructure [12–14] (to our knowl-
edge, this Letter is the first to use boosted Higgs sub-
structure associated to dileptonic top pair). Including
higher order QCD e↵ects to signal and backgrounds via
the MC@NLO algorithm [15], we show that this channel

1 CP-odd Higgs-vector boson couplings can appear only through
operators of dimension-6 or higher [6], while CP-odd Higgs-
fermion couplings could manifest at tree level. Thus, the latter
are naturally more sensitive to CP violation than the former.

can be probed with a reasonable luminosity in the Run II
LHC. In the same channel we then consider the direct CP
measurement of the Higgs-top coupling via spin correla-
tions. The lab frame CP-sensitive variable we propose is
��``: the di↵erence in azimuthal angle around the beam
axis of the top pair decay leptons. This is somewhat
similar to observables proposed in previous works [16–
21]. However, the CP-sensitivity of ��`` is enhanced at
large Higgs transverse momentum pTH . Fortunately for
our purposes, this requirement dovetails nicely with the
kinematic region required for jet substructure Higgs tag-
ging. Thus, high-pTH dileptonic tt̄H events have exper-
imentally attractive properties both for initial discovery
and CP-structure measurement.

We parametrize the top-Higgs interaction as

L ◆ �mt

v
Kt̄ (cos↵+ i�5 sin↵) t H, (1)

where K is a real number and ↵ a CP-phase. The CP-
even SM Higgs 0+ particle is (K,↵) = (1, 0), while ↵ = ⇡

2
corresponds to a CP-odd 0�.
In principle, the anatomy of the top-Higgs interac-

tion can be revealed via spin correlations, both at the
LHC [16, 17] and a future e+e� collider [22]. In the other
LHC-focused works, the proposed variable’s sensitivity is
washed out by experimentally required selection criteria.
Analogously to the tt̄ production studied in Ref. [23],
distinct kinematic distributions exist in tt̄H production
between the like-helicity (tLt̄L+tRt̄R) and unlike-helicity
(tLt̄R + tRt̄L) top pairs. We adopt helicity conventions
as in HELAS [24].
For our analytic argument, we will consider the distri-

bution of top-pairs in the tt̄H production. Without full
top-quark reconstruction, such distributions are not di-
rectly accessible. However, the spin-correlations between
the top pairs are passed on to the top decay products,
which are correlated with the top spin axis. The charged
lepton and d-quark from the W -boson decay have the
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(SM), and is therefore an important focus of the LHC
Run II. Presently its couplings to W and Z gauge bosons
are directly measured through the Higgs decays to vec-
tor boson pair and are consistent with a spin-0 particle
with SM-strength CP-even couplings [1–5]. However, the
ratios between scalar and pseudoscalar couplings might
di↵er from channel to channel in the presence of CP vi-
olation. Hence, it is of fundamental importance to ac-
cess this information in as many channels as possible.1

Of particular interest is the coupling to top quarks, as
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t ⇠ O(1).
The strength and CP-structure of the top-Higgs cou-

pling are currently inferred from the measured Higgs-
gluon and Higgs-photon interactions through the produc-
tion gg ! H and decay H ! �� channels [7, 8], as well
as constraints on electron dipole moments [9]. However,
as these couplings are loop-induced, the measurements
could be a combination of SM and new physics [10, 11].
Direct measurements of both the strength and CP-
properties of this coupling are necessary to disentangle
new physics e↵ects. The associated Higgs with tt̄ pair
production qualifies as the most direct probe.

In this Letter, we demonstrate that the tt̄H channel
can be measured with dileptonic top pairs and Higgs
decay to bb̄ via jet substructure [12–14] (to our knowl-
edge, this Letter is the first to use boosted Higgs sub-
structure associated to dileptonic top pair). Including
higher order QCD e↵ects to signal and backgrounds via
the MC@NLO algorithm [15], we show that this channel

1 CP-odd Higgs-vector boson couplings can appear only through
operators of dimension-6 or higher [6], while CP-odd Higgs-
fermion couplings could manifest at tree level. Thus, the latter
are naturally more sensitive to CP violation than the former.

can be probed with a reasonable luminosity in the Run II
LHC. In the same channel we then consider the direct CP
measurement of the Higgs-top coupling via spin correla-
tions. The lab frame CP-sensitive variable we propose is
��``: the di↵erence in azimuthal angle around the beam
axis of the top pair decay leptons. This is somewhat
similar to observables proposed in previous works [16–
21]. However, the CP-sensitivity of ��`` is enhanced at
large Higgs transverse momentum pTH . Fortunately for
our purposes, this requirement dovetails nicely with the
kinematic region required for jet substructure Higgs tag-
ging. Thus, high-pTH dileptonic tt̄H events have exper-
imentally attractive properties both for initial discovery
and CP-structure measurement.

We parametrize the top-Higgs interaction as

L ◆ �mt

v
Kt̄ (cos↵+ i�5 sin↵) t H, (1)

where K is a real number and ↵ a CP-phase. The CP-
even SM Higgs 0+ particle is (K,↵) = (1, 0), while ↵ = ⇡

2
corresponds to a CP-odd 0�.
In principle, the anatomy of the top-Higgs interac-

tion can be revealed via spin correlations, both at the
LHC [16, 17] and a future e+e� collider [22]. In the other
LHC-focused works, the proposed variable’s sensitivity is
washed out by experimentally required selection criteria.
Analogously to the tt̄ production studied in Ref. [23],
distinct kinematic distributions exist in tt̄H production
between the like-helicity (tLt̄L+tRt̄R) and unlike-helicity
(tLt̄R + tRt̄L) top pairs. We adopt helicity conventions
as in HELAS [24].
For our analytic argument, we will consider the distri-

bution of top-pairs in the tt̄H production. Without full
top-quark reconstruction, such distributions are not di-
rectly accessible. However, the spin-correlations between
the top pairs are passed on to the top decay products,
which are correlated with the top spin axis. The charged
lepton and d-quark from the W -boson decay have the
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for our log-likelihood test. The pTH distribution drops
slower for signal than for the continuum background.
This is the main reason to look at the boosted kine-
matics for this signal. In addition, the azimuthal an-
gle between the two leading jets ��jj (either b-tagged
or not) presents a di↵erent profile thanks to the dif-
ferent radiation profiles of signal and background. In
Fig. 2 we present the expected 95% CL limit on the
signal strength �/�SM in the dileptonic tt̄H channel as
function of the LHC luminosity. Sensitivity to the SM
coupling will require ⇠ 175 fb�1 of integrated luminosity
Additional improvements for the signal extraction can be
achieved, e.g., via the matrix element method or a neural
network [36, 37].

Next we consider CP discrimination in the Higgs-top
coupling. We further require the dilepton invariant mass
to be m`` > 75 GeV; enhancing the sensitivity of ��``

from �0�tt̄/�0+tt̄ ⇠ 1.4 to ⇠ 1.9 at ��`` ⇠ 0. After
all cuts, the CP-even and CP-odd distributions of ��``

(and tt̄bb̄ background) are shown in Fig. 3. Note that this
remains sensitive to the Higgs-top CP-structure after a
realistic simulation that includes in particular NLO QCD
e↵ects.

To analyze ��``’s discriminating power, we perform
a binned log-likelihood test in (��``,��jj). To focus
only on measurement of ↵, we fix the number of sig-
nal events to the SM prediction. In Fig. 4, we plot the
expected statistical significance with which this analysis
can distinguish a top-Higgs coupling with arbitrary CP-
phase from the CP-even ↵ = 0 case. As can be seen,
95% CL exclusion of the CP-odd case should be possible
with ⇠ 1.8 ab�1 of data, and the high luminosity LHC
would be able to distinguish the CP-even couplings from
couplings with | cos↵| . 0.5. This bound can be further
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FIG. 3. Azimuthal correlation between the two leptons ��``

calculated in the lab-frame after the BDRS analysis.
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FIG. 4. Luminosity required to distinguish CP-even tt̄H cou-
pling from couplings with arbitrary CP-phase.

improved by using more observables in our likelihood test
and by including the three b-tag sample.
In Fig. 4, we also compare our analysis with another

lab-frame observable proposed in Ref. [17]. Here the an-
gle is defined around the Higgs axis: ��``H . We notice
that the CP sensitivity of this observable decreases in the
boosted regime in comparison with ��``.

In this Letter, we have introduced a simple lab-frame
variable, ��``, which can be used to measure the CP-
properties of the top-Higgs coupling in the dileptonic
channel. On theoretical grounds, we expect this vari-
able to be most useful when the Higgs is significantly
boosted, which pushes us into a kinematic regime where
significant reductions in background can be obtained via
substructure tagging whenH decays to bb̄. The high-pTH

kinematic regime, where ��`` is most sensitive to CP,
also lends itself to a boosted Higgs analysis, which can
be used to significantly enhance the discovery potential
of the tt̄H channel. We show a detailed theoretical study
at NLO in the four b-tag sample, demonstrating that the
LHC with

p
s = 13 TeV should be capable of probing

the SM-strength top-Higgs coupling with ⇠ 175 fb�1,
and then distinguishing between the CP-even and CP-
odd couplings with ⇠ 1.8 ab�1. Improvements may be
possible, for example by including the three b-tag sample,
or adding additional discriminating variables.
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process constraint (⇥�SM)

hh ! (bb̄)(⌧+⌧�) � = 1.00+0.40
�0.31

hh ! (bb̄)(��) � = 1.00+0.87
�0.52

hh ! (bb̄)(W+W�) � = 1.00+0.46
�0.35

combination � = 1.00+0.35
�0.23

Table 1: The expected constraints for an integrated LHC luminosity of 3000 fb�1 (14 TeV),
for each of the ‘viable’ channels for Higgs boson pair production obtained by conservative
estimates, according to Ref. [22]. The assumption used in obtaining these constraints is
that the the self-coupling has the SM value. The final line provides the result originating
from the naive combination in quadrature of these channels.

Shower Deconstruction [56–58]. While a variation of the former has already been used in
this context in [17], here we perform a more detailed study complementing and combining
the reconstruction using Shower Deconstruction.

The article is organised as follows: in Section 2 we describe some features of the kine-
matics of the Higgs boson pair production process and provide more detail on the recon-
struction methods used. In Section 3 we provide details of the Monte Carlo simulation for
the signal and background and the analysis strategy. In the same section we provide our
results. Concluding remarks are given in Section 4.

2 Phenomenological considerations

2.1 Kinematics

g

g

f

h

h

g

g

f

h

h

Figure 1: Higgs boson pair production diagrams contributing to the gluon fusion process
at LO are shown for a fermion f . These are generic diagrams and therefore, do not include
all permutations.

Higgs boson pair production at the LHC at leading order (LO) is loop-initiated and
dominated by gluon fusion initial states. The contributing gluon fusion diagrams are shown
in Fig. 1. We call the diagram on the left the ‘box’ diagram and the diagram on the right
the ‘triangle’ diagram. The two diagrams have spin-0 configurations of the initial state
gluons that interfere destructively. The box diagram also has a spin-2 configuration of

– 3 –

the incoming gluons. The hh cross section is a quadratic function of � at LO, and hence
possesses a minimum with respect to it. This can be shown to lie around � ⇠ (2.4�2.5)�SM,
depending on the parton density functions (PDFs) employed [22]. We will only examine
values on one side of the this minimum. It is natural to choose the lower half, as it includes
the SM value. For completeness, we also include negative values of the self-coupling, and
focus on the region � 2 {�1.0, 2.4}⇥ �SM.

It is interesting to examine the effect of varying the self-coupling away from the SM
value, on one of the characteristic distributions of the process, namely, the Higgs boson
transverse momentum. In Fig. 2 we show the transverse momentum of the full process,
that is, including the box and triangle diagrams as well as their interference, for several
values of the self-coupling, given as multiples of the SM value. Evidently, as � decreases the
distribution of the Higgs boson transverse momentum becomes softer. This will result in
a corresponding reduction of efficiency when a cut is applied on the transverse momentum
of the reconstructed Higgs boson. The dip structure observed in Fig. 2, prominent for
� = 2�SM , is a consequence of the destructive interference between the box and triangle
contributions.

Figure 2: The transverse momentum of a Higgs boson in the pair production process,
including the box and triangle diagrams as well as their interference, for several values of
the self-coupling, given as multiples of the SM value.

2.2 Event selection and triggering

Triggering on events that contain purely hadronic final states is challenging.5 This is
particularly so if the masses of the resonances involved are at the electroweak scale and

5We do not treat b-hadrons decaying into leptons in a separate way.
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Selection hh QCD 4b hW Z ! bb hZ s/b s/
p
b

Event selection 2.31 6941.860 4.854 266.472 3.787 0.000320 1.48

Leading jet SD 0.514 208.728 0.587 5.360 0.439912 0.00239 1.919

Leading jet BDRS 0.0982 54.223 0.0117 0.741 0.123 0.00178 0.724

Both SD-tags 0.0784 4.226 < 0.00096 0.0294 0.00605 0.0184 2.082

Both BDRS-tags 0.0817 6.671 0.000192 0.0593 0.00946 0.0121 1.723

Loose SD and BDRS rec. 0.621 592.145 0.686 17.228 0.627 0.00101 1.376

Loose SD and BDRS 0.0989 17.080 0.000612 0.129 0.0231 0.00574 1.305

Table 3: Expected cross sections after selection for �/�SM = 1. Note that the first row
differs from �basic given in Table 2 due to the additional constraint on the rapidity of the
fat jets, |y| < 2.5. The significance estimate, s/

p
b, given for an integrated luminosity of

3000 fb�1. The two final rows show the results obtained using Shower Deconstruction on
the leading jet and the BDRS for the Higgs reconstruction on the sub-leading one. In the
last row a final mass cut on the sub-leading Higgs mass is applied.
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Figure 8: The best expected significance of the different Higgs tagger methods for different
values of � at 3000 fb�1 for a 14 TeV LHC.

3.4 Side band analysis

Estimating the background rates and distributions reliably is a very challenging task, as
uncertainties originating from the use of Monte Carlo event generators and other theoretical
calculations are often too large. An alternative method that can work reasonably well
requires an alteration of the selection setup, maximising the background. The background
shape and rate can then be modelled in a region where the signal has little or no effect

– 13 –
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Improving with multivariate techniques

N-Subjettiness

Energy-Correlations
• The kT -splitting scale [87, 92].

This variable is obtained by reclustering the constituents of a jet with the kt algorithm [93],
which usually clusters last the harder constituents, and then taking the kt distance measure
between the two subjets at the final stage of the recombination procedure,

p
d12 ⌘ min (pT,1, pT,2) ·�R12 . (3)

with pT,1 and pT,2 the transverse momenta of the two subjets merged in the final step of
the clustering, and �R12 the corresponding angular separation.

• The ratio of 2-to-1 subjettiness ⌧21 [94, 95].

The N -subjettiness variables ⌧N are defined by clustering the constituents of a jet with
the exclusive kt algorithm [96] and requiring that N subjets are found,

⌧N ⌘ 1

d0

X

k

pT,k ·min (�R1k, . . . , �RNk) , d0 ⌘
X

k

pT,k ·R , (4)

where pT,k is the pT of the constituent particle k and �Rik the distance from subjet i to
constituent k. In this work we use as input to the MVA the ratio of 2-subjettiness to
1-subjettiness, namely

⌧21 ⌘
⌧2
⌧1

, (5)

which provides good discrimination between QCD jets and jets arising from the decay of
a heavy resonance.

• The ratios of energy correlation functions (ECFs) C(�)
2 [97] and D(�)

2 [98].

The ratio of energy correlation functions C(�)
2 is defined as

C(�)
2 ⌘ ECF(3,�)ECF(1,�)

[ECF(2,�)]2
, (6)

while D(�)
2 is instead defined as a double ratio of ECFs, that is,

e(�)3 ⌘ ECF(3,�)

[ECF(1,�)]3
, e(�)2 ⌘ ECF(2,�)

[ECF(1,�)]2
, D(�)

2 ⌘ e(�)3 )
⇣
e(�)2

⌘3 . (7)

The energy correlation functions ECF(N,�) are defined in [97] with the motivation that
(N + 1)-point correlators are sensitive to N -prong substructure. The free parameter � is
set to a value of � = 2, as recommended by Refs. [97, 98].

3.2 Tagging of b-jets

In this analysis we adopt a b-tagging strategy along the lines of current ATLAS performance [91,
99], though di↵erences with respect to the corresponding CMS settings [100,101] do not modify
qualitatively our results. For each jet definition described above, a di↵erent b-tagging strategy
is adopted:

7

kt-dist measure

Figure 8: Distribution of representative substructure variables in the boosted category at the end of the
cut-based analysis, to be used as input to the MVA. From top to bottom and from left to right we show

the kt splitting scale
p
d12, the energy correlation ratio C(�)

2 and the subjettiness ratio ⌧21 for the leading
Higgs. In the case of ⌧21 the distributions for the subleading Higgs are also given.

The SoftKiller subtraction is then applied to particles at the end of the parton shower, before
jet clustering.

In addition, jet trimming [106], as implemented in FastJet, is applied to large-R jets. The
trimming parameters are chosen such that the constituents of a given jet are reclustered into
kT subjets with Rsub = 0.2. Subjets with transverse momentum less than 5% of the total
transverse momentum of the large-R jet are then removed. The use of trimming in addition
to PU removal with SoftKiller is necessary to correct the jet mass in the boosted category,
which is particularly susceptible to soft, wide-angle contaminations. No trimming is applied to
the small-R jets and to the case without PU.

In Fig. 9 we show the invariant mass distributions of the Higgs candidates for signal events
in the resolved and boosted categories. In the resolved category, we compare the results without
PU with those with PU80, with and without SK subtraction. If PU is not subtracted, there is a
large shift in the Higgs mass peak, by more than 30 GeV. Once SK subtraction is performed, we
recover a distribution much closer to the no PU case, with only a small shift of a few GeV and a
broadening of the mass distribution. In the boosted case, the comparison is performed between
no PU, PU with only SK subtraction, and PU with both SK and trimming. We find that the
mass distribution for jets to which no trimming is applied peaks at around 160 GeV, even after
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di-higgs in the NP Searches for TeV scale resonances
Cooper, Konstantinidis, Lambourne, Wardrope ‘16

2

Graviton Mass σ(pp → GKK → hh → bbbb) Γ

[GeV] [fb] [GeV]

500 329 18.6

700 72.7 33.9

900 18.6 48.6

1100 5.51 62.7

1300 1.82 76.5

1500 0.65 90.0

TABLE I. Mass, cross section and width of the KK graviton
signal.

jet is labeled a b-jet, otherwise if a c-quark is found the
jet is labeled a c-jet. If neither a b-quark nor a c-quark
is found, then the jet is classified as a light jet. We then
apply b-tagging efficiency factors, based on the published
ATLAS and CMS b-tagging performance [25, 26]: 70%
for b-labeled jets, 20% for c-labeled jets (“rejection fac-
tor” 5) and 1% for light-labeled jets (“rejection factor”
100). Dijets are then formed, requiring pdijetT > 200GeV

and ∆Rdijet =
√

∆φ2 +∆η2 < 1.2, where ∆φ is the an-
gular separation between jets in the plane transverse to
the beam line and ∆η is the difference in pseudorapidity
between the two jets. Finally, we require a dijet invariant
mass, mdijet, consistent with h decay. In the extremely
rare cases where more than two dijets satisfy all the above
requirements, only the two dijets with the highest pdijetT

are considered.
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FIG. 1. The individual dijet mass distributions in signal and
background (stacked).

The dijet mass distributions in the signal and back-
ground are shown in Fig. 1 for mh = 125GeV. It can
be seen that the Higgs mass peak in the signal is shifted
to lower masses. This is because, in this particle-level
study, the reconstructed jets do not include neutrinos
and muons or any out-of-cone corrections. Hence, we
have chosen the Higgs mass window to be 100 < mdijet <

130GeV. This study has not considered detector resolu-
tion effects that will smear the jet pT measurements and
broaden the four-jet invariant mass, m4b. However, for
resonances with natural width some tens of GeV or more,
the detector resolution is not expected to increase the
width of the observed peak significantly. Moreover, it is
possible to take advantage of the known mass of the two
Higgs bosons and perform a kinematic fit to determine
m4b, which will largely remove the detector resolution ef-
fects. The impact of additional pile-up interactions has
also not been considered in this study, since for jets with
pT > 40GeV and |η| < 2.5 both ATLAS and CMS have
demonstrated that pile-up effects can be strongly miti-
gated [27, 28].
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FIG. 2. The pdijetT distribution for different graviton masses.

The pdijetT distribution is shown in Fig. 2 for various
signal masses. It can be seen that for mG = 500GeV,
the pdijetT > 200GeV requirement has a visible impact on
the signal acceptance and would need to be optimized
to achieve the best possible sensitivity to masses around
700GeV and below. Similarly, for higher signal masses,
the optimal pdijetT requirement would likely be higher than
200GeV.
The ∆Rdijet distribution in the dijet systems is shown

in Fig. 3 for various signal masses. It can be seen that for
high graviton masses the two b-jets from the h decay tend
to get closer and closer, hence with increasing likelihood
merge into a single jet, leading to selection inefficiencies.
This inefficiency can be dealt with in a number of ways:
(i) by forming narrower jets in the search for higher mass
signals; (ii) by identifying two separate b-hadron decay
vertices within single, energetic jets, as in [29]; or (iii)
by using jet substructure techniques [30, 31] and apply-
ing b-tagging to the individual sub-jets. These alterna-
tives should be explored in order to extend the sensitiv-
ity of this search to as high a resonance mass as possible.
At the other end of the mass spectrum, the requirement
∆Rdijet < 1.2 may be an impediment for mG < 700GeV

Analysis can also be extended to ZH-4b, ZZ-4b
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where v is the electroweak scale, f is the global symmetry
breaking scale, and c is a coe�cient of order unity. As
long as f is not much larger than the electroweak scale
the decay h ! 2a dominates over the standard h ! bb̄
mode. The pseudoscalar is not stable because it has
Yukawa couplings to the SM fermions, iỹ a ̄�5 . The
largest Yukawa coupling is to the 3rd generation quarks,
while it is suppressed for leptons and lighter quark gener-
ations. Thus, for ma > 2mb ⇠ 10 GeV the pseudoscalar
decays almost exclusively into bottom quarks, resulting
in the h ! 4b cascade. For ma < 2mb the structure of
the pseudoscalar Yukawa couplings means that the de-
cay into two gluons via a loop of 3rd generation quarks
dominates over tree level decays to (e.g.) 2⌧ or 2c. The
net result is a h ! 4g cascade decay occurring with a
0.8 ⇠ 0.9 branching fraction. For this decay mode, the
current limit on mh is only 86 GeV assuming the Higgs
is produced with the SM cross section [3] For simplicity
and clarity of presentation, in this paper we assume a
100% Higgs branching fraction into four gluons.

The production of buried Higgses at the LHC proceeds
through similar vertices as in the SM. We shall assume
here that the Higgs couples to the electroweak bosons
and the top quarks with the same strength as in the SM,
although in some models realizing the buried Higgs sce-
nario these couplings may again be slightly modified.

III. JET SUBSTRUCTURE TOOLS

A buried Higgs is di�cult to discover because its decay
products are di�cult to distinguish from ordinary QCD
radiation. In the case at hand, because ma ⌧ mh, the
gluons from each a are very collimated, and so an un-

boosted buried Higgs will be resolved as two jets. This
will be very di�cult to distinguish from the enormous
backgrounds from QCD radiation. The extreme kine-
matic configuration where the Higgs has a large pT , and
is thus resolved entirely in one jet, is far more di�cult for
background processes to mimic. In this regime, the two
jets from Higgs decay are themselves collimated into a
single fat jet with a characteristic substructure. We will
consider two such boosted scenarios, pp ! hW (adopting
the basic kinematic cuts of Ref. [4]) and pp ! htt̄ with a
mildly boosted Higgs.

The first step of our analyses is to cluster our events
into relatively large jets and identify a candidate boosted
Higgs jet. We then, along the lines of Ref. [4, 6], use a
cleaning procedure to remove contamination from pileup
and underlying event from the jet and place a cut on
its mass. To make further progress we must look to the
distinguishing features of the exotic decays.

One characteristic feature of the signal is that the jets
from decays of light pseudoscalars a have small invariant

masses, of order ma
<⇠ 10 GeV. This is clearly indepen-

dent of the a’s pT , while the invariant mass of a QCD jet
grows with pT :

p
hm2

Ji ⇠ C̄↵s
⇡ pTR, where C̄ = 3(4/3)

for gluon (quark) initiated jets [7]. Because we work in
the boosted regime where the a’s have a large pT , we
expect the bulk of the QCD background subjets to have
masses above 10 GeV. Thus, requiring that the average
mass of the two hardest subjets be small (throughout we
will denote the ith hardest subjet as ji),

m ⌘ m(j1) +m(j2)

2
< 10 GeV,

is an e�cient way to separate signal from background.
The signal events are also distinguished by the sym-

metry of their decay products: both subjets arise from
particles of equal mass. This can be distinguished by a
cut on mass democracy:

↵ = min


m(j1)

m(j2)
,
m(j2)

m(j1)

�
(2)

At the parton level ↵ = 1 at leading order, while for the
background there is no reason for the QCD radiation to
produce democratic jets.
Finally, signal and background events di↵er by their

color structure [8]. For signal events color is only seen
very late in the Higgs decay process: neither the Higgs
nor the a’s carry color charge QCD processes therefore
only becomes operative only at the scale ⇠ 10 GeV af-
ter the pseudoscalars decay into gluons. By contrast,
the background jets are initiated by hard colored parti-
cles, which are color-connected to the rest of the event;
moreover, there is more phase space for QCD radiation.
Therefore, we expect that the background has more ra-
diation inside the fat jet cone than the signal does. We
can quantify this intuition using the flow variable

� =
pT (j3)

pT (j1) + pT (j2)
, (3)

which is motivated by the fact that the signal is unlikely
to yield radiation aside from that constituting the two
collimated a’s. We therefore expect the typical value of
� for background processes to be much larger than for the
signal. Before proceeding, we note that � can be sensi-
tive to very soft radiation, depending on the cut one uses.
Therefore, we employ � with a threshold: pmin

T and set
� = 0 for pT (j3) < pmin

T . Other flow variables could be
defined to further boost discovery of the buried Higgs. In
particular, since signal radiates less, a simple cut on the
number of subjets above pmin

T ⇠ 1 GeV falling inside the
fat jet cone adds more discriminating power. However
we have not included this cut here because QCD predic-
tions for the number of soft jets are not entirely reliable
at the present stage. Measuring the number of tracks
emanating from the leading subjets could also e�ciently
separate signal from background [9].
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FIG. 1: Reconstructed mH = 100 GeV Higgs mass (left) in
the V +h channel, after the cuts of Table I (excluding the cut
on mH); (right) in the tt̄+h channel, after the cuts of Table II
(excluding the cut on mH). Error bars show statistical errors.

IV. ANALYSIS

Here we apply the substructure tools developed above
to two processes yielding a boosted Higgs: pp ! hW
and pp ! htt̄. Before proceeding with the analysis we
describe our Monte Carlo tools and assumptions.

We generate all signal and background events for htt̄
at tree level using MadGraph v4 [10] and shower them
using Pythia 6.4.21 [11]. We incorporate underlying
event and pile-up using Pythia’s “DW” tune and assum-
ing a luminosity per bunch crossing of 0.05 mb�1. We
generated signal samples for mh = 80, 100, 120 GeV and
ma = 8 GeV. Our tt̄+ jets sample is matched out to
two jets using the kT -MLM matching procedure [12] (our
V+ jets sample requires no matching as it is dominated
by 2 ! 2 processes). Jet clustering is performed using
the anti-kT algorithm [13] as implemented in Fastjet
2.3 [14]. When constructing subjets our procedure is to
re-cluster the constituents of a jet using anti-kT with a
smaller radius, denoted Rsub.

A. Discovering a buried Higgs in the V + h channel

Here we consider a boosted Higgs recoiling against a
vector boson as in Ref. [4]. As the production rate for
pp ! hW is larger than pp ! hZ, and the branching
ratio of W into leptons is much larger than that of Z into
leptons, we will restrict ourselves to the process pp ! hW
where W ! l⌫ for l = e, µ.

Our events are clustered using jet radii R of 0.8, 1.0,
and 1.2 for mh of 80, 100, and 120 GeV, respectively.
To force ourselves into the boosted region we will con-
sider events with a jet of pT > 200 GeV. The domi-
nant background then is pp ! W + j. As one can see
in Table I, the initial backgrounds are horrendous. De-
manding that the average mass of the hardest two subjets
(using Rsub = 0.3) lie below 10 GeV and requiring the
trimmed [15] mass of the jet (using the trimming param-
eter fcut = 0.03) lie within mh ± 10 GeV helps, but it is
not su�cient for a Higgs discovery.

TABLE I: Cut e�ciencies for a mh = 100 GeV Higgs in the
pp ! hW channel using the procedure outlined in Sec. IVA.
At the end of the table we include results obtained using two
di↵erent values of pmin

T for �.

�sig (fb) �bg (fb) S/B S/
p
B

pT (j) > 200 GeV 16 30000 0.00052 0.9

subjet mass 12 19000 0.00062 0.9

Higgs window 7.1 400 0.018 3.6

↵ > 0.7 4.1 140 0.030 3.5

� < 0.005, pmin
T = 1 GeV 0.67 0.74 0.90 7.8

� < 0.005, pmin
T = 5 GeV 2.9 2.6 0.11 5.7

However, after cutting on the jet substructure variables
↵ > 0.7 and � < 0.005, 0.005, and 0.007 for mh of 80,
100, and 120 GeV, respectively, one finds a prominent
signal, discoverable regardless of whether one uses pmin

T =
1 GeV or a more conservative 5 GeV. The Higgs mass
distribution after these cuts is shown in Fig. 1. The final
signal significances for the three Higgs masses we consider
are shown in Table III.

B. Discovering a buried Higgs in the tt̄+ h channel

Here the signal process of interest is the associated
production of a Higgs with a tt̄ pair, followed by lep-
tonic decays of both top quarks and Higgs decaying as
h ! aa ! 4g. The final state consists of 2 b-tagged
jets, 2 opposite-sign leptons, and (at least) 2 hard jets.
The main background is tt̄+ jets, with secondary con-
tributions from Z + bb̄ and tt̄Z. Background processes
with jets faking a lepton or a b-jet are subleading. For
the signal we use the SM NLO tt̄H cross-section [16]; in
particular �tth ⇡ 1 pb for mh = 100 GeV. We use the
NLO + NLL calculation of the inclusive tt̄+ jets cross-
section to normalize the tt̄+ jets background [17, 18],
�ttj = 908 pb. The NLO cross-section for tt̄Z is much
smaller, �ttZ = 1.1 pb [19].
Since the buried Higgs does not produce b-quarks in its

decay, the combinatoric problems that contribute to the
di�culty of using the tt̄h channel in the SM are signifi-
cantly ameliorated. In the dileptonic channel, there is in
principle no combinatoric background: the decay prod-
ucts of the top quarks can be cleanly separated from the
decay products of the Higgs, much as in the W +h chan-
nel. We first cluster particles using the anti-kT algorithm
with Rsub = 0.4. To select for events containing 2 top
quarks decaying leptonically we require two opposite-sign
isolated leptons and two b-jets satisfying pT,e > 15 GeV,
pT,µ > 10 GeV, pT,b > 20 GeV, |⌘l,b| < 2.5. We assume
a flat b-tagging e�ciency of 0.6. To control the Z + bb̄
background we require that same-flavor leptons do not
reconstruct a Z, |m`` �mZ | > 10 GeV. After these cuts
the cross-section for Z + bb̄ is approximately 10% of the
cross-section for dileptonic tt̄+ jets. The importance of
Z + bb̄ drops further relative to tt̄+ jets when kinematic
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from Higgs decay since they are more likely to be
similar to each other. If the two C/A b-tagged sub-
jets originate from Higgs decay, the subjets with
opening angle �Rj1j2 should contain all the per-
turbative radiation from the bb̄ system by virtue
of angular ordering [23]. However, the subjets still
tend to include too much contamination from un-
derlying events. We then filter [1] the events: we
cluster the jet constituents again using a finer angu-
lar scale specific to the jet [we use, min (Rbb/2, 0.3)]
and retain only the three hardest components (bb̄g).
Finally, we combine the three subjets and call the
result a “candidate Higgs jet”.

IV. SUPERSYMMETRY AS AN EXAMPLE

We now demonstrate the e↵ectiveness of our algorithm
for one particularly interesting example of new physics,
the minimal supersymmetric standard model. One of the
most promising regions of parameter space with large
associated Higgs production occurs when the next-to-
lightest supersymmetric particle (NLSP) is a neutral Hig-
gsino and the lightest supersymmetric particle (LSP) is
the gravitino [24].

In this paper we consider two sets of supersymmet-
ric parameters, given in App. A. The first set, “Point
1”, follows Ref. [24] with a Higgsino NLSP and gravitino
LSP. Point 1 is, not surprisingly, quite favorable to our
analysis, with nearly one Higgs boson produced in as-
sociation with every pair of superpartners produced. It
represents the incredible power of this analysis to reach
high significance of light Higgs discovery with relatively
low luminosity at LHC.

The second set, “Point 2”, still contains a gravitino
LSP, but a bino LSP. This point is seemingly much
less favorable to our analysis, with only about 4% of
superpartner pair production containing a Higgs boson
from NLSP decay. Nevertheless, we will see that the
Higgs signal can even be found here. With visible signals
with just 4% of new physics production, our methodol-
ogy clearly has the potential to much wider applicability
within the vast supersymmetric parameter space (already
in progress in Ref. [25]) as well as applied to other models
of new physics.

At first glance one might think that these two Points
seems rather specific and not particularly general, even
for supersymmetry. However, a gravitino LSP is an au-
tomatic consequence of a low supersymmetry breaking
scale. LEP II bounds from the search for Higgsino-like
charginos implies µ & 100 GeV, and Tevatron bounds
from the lack of observation of inclusive �� + /ET implies
M

1

, µ somewhat heavier than this [26, 27, 28]. The de-
cay of a NLSP into the Higgs is thus essentially always
kinematically open. More typical neutralino mixing sug-
gests that the NLSP is partly Higgsino and partly bino,
the mixture determined by the ratio of the Higgsino mass
to bino mass, µ/M

1

. This implies the NLSP could decay

into h, Z, or � depending on supersymmetric parameters.
Our choices of “Point 1” and “Point 2”, provide two par-
ticularly interesting examples into this parameter space.

In both Points 1 and 2, several clean new physics event
samples exist. The most distinctive event sample at the
LHC is �� + /ET , which would provide the clearest first
evidence for physics beyond the standard model. Only
relatively mild cuts on the photon energy and the total
missing transverse energy are necessary to eliminate the
SM background. Right behind this discovery will be a
larger sample of � + /ET events, and with suitable cuts,
that we explain in detail below, provide another clean
new physics event sample with associated Higgs produc-
tion.

Colored superpartners are taken to be 750 GeV for
both Points. This is well outside the sensitivity of Teva-
tron searches and yet well within LHC capabilities with
order fb�1 integrated luminosity. Our goal is find Higgs
bosons produced from NLSP decay, and so we are inter-
ested in inclusive superpartner production,

p + p ! �
1

+ �
1

+ anything ! h + � + X + /ET , (3)

where X can be jets and/or leptons resulting from the
superpartner decay chains. We choose to focus on �+ /ET

as the primary discrimant of signal from background, but
other signal samples such as Z+ /ET may well be more ap-
propriate in other regions of parameter space. For both
of the Points (c.f. App. A), the dominant source of super-
partner production is first and second generation squark
production. To gain some idea of the amount of signal we
are working with for Points (1,2): the branching fraction
to h+� is about (16%,4%); the fraction of boosted Higgs
bosons is about (40%,50%); this leads to a cross section
for boosted h + � of about (0.13,0.07) pb.

To simulate the supersymmetric signal, we use Pythia
v6.4 [19] to generate parton level events with subsequent
showering and hadronization. We assume the LHC is
operating at

p
s = 14 TeV, however our results follow

quite well for lower energies that we have also simulated,
including

p
s = 10 TeV. We take leading order cross

sections for squark and gluino production, however note
that the k-factors can be sizeable [29]. We select events
that have at least one hard and isolated photon, at least
one b-jet with high pt, and have large missing energy:

/ET > 100 GeV p�
t > 100 GeV pb

t > 200 GeV .
(4)

For simplicity, we have taken the cuts to be identical for
both Points despite the fact that further optimization in
significance can be achieved by tuning the cuts. More
details of the e↵ects of varying cuts will be presented in
Ref. [25].

To be conservative, we take the photon identification
e�ciency to be 80%, with a jet-fakes-photon rate of 0.1%
1. We then run our Higgs-finding algorithm on the event

1 A jet rejection factor of ' 0.05% can actually be obtained in
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from Higgs decay since they are more likely to be
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opening angle �Rj1j2 should contain all the per-
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of angular ordering [23]. However, the subjets still
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derlying events. We then filter [1] the events: we
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and retain only the three hardest components (bb̄g).
Finally, we combine the three subjets and call the
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We now demonstrate the e↵ectiveness of our algorithm
for one particularly interesting example of new physics,
the minimal supersymmetric standard model. One of the
most promising regions of parameter space with large
associated Higgs production occurs when the next-to-
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represents the incredible power of this analysis to reach
high significance of light Higgs discovery with relatively
low luminosity at LHC.

The second set, “Point 2”, still contains a gravitino
LSP, but a bino LSP. This point is seemingly much
less favorable to our analysis, with only about 4% of
superpartner pair production containing a Higgs boson
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Higgs signal can even be found here. With visible signals
with just 4% of new physics production, our methodol-
ogy clearly has the potential to much wider applicability
within the vast supersymmetric parameter space (already
in progress in Ref. [25]) as well as applied to other models
of new physics.

At first glance one might think that these two Points
seems rather specific and not particularly general, even
for supersymmetry. However, a gravitino LSP is an au-
tomatic consequence of a low supersymmetry breaking
scale. LEP II bounds from the search for Higgsino-like
charginos implies µ & 100 GeV, and Tevatron bounds
from the lack of observation of inclusive �� + /ET implies
M

1

, µ somewhat heavier than this [26, 27, 28]. The de-
cay of a NLSP into the Higgs is thus essentially always
kinematically open. More typical neutralino mixing sug-
gests that the NLSP is partly Higgsino and partly bino,
the mixture determined by the ratio of the Higgsino mass
to bino mass, µ/M

1

. This implies the NLSP could decay

into h, Z, or � depending on supersymmetric parameters.
Our choices of “Point 1” and “Point 2”, provide two par-
ticularly interesting examples into this parameter space.

In both Points 1 and 2, several clean new physics event
samples exist. The most distinctive event sample at the
LHC is �� + /ET , which would provide the clearest first
evidence for physics beyond the standard model. Only
relatively mild cuts on the photon energy and the total
missing transverse energy are necessary to eliminate the
SM background. Right behind this discovery will be a
larger sample of � + /ET events, and with suitable cuts,
that we explain in detail below, provide another clean
new physics event sample with associated Higgs produc-
tion.

Colored superpartners are taken to be 750 GeV for
both Points. This is well outside the sensitivity of Teva-
tron searches and yet well within LHC capabilities with
order fb�1 integrated luminosity. Our goal is find Higgs
bosons produced from NLSP decay, and so we are inter-
ested in inclusive superpartner production,

p + p ! �
1

+ �
1

+ anything ! h + � + X + /ET , (3)

where X can be jets and/or leptons resulting from the
superpartner decay chains. We choose to focus on �+ /ET

as the primary discrimant of signal from background, but
other signal samples such as Z+ /ET may well be more ap-
propriate in other regions of parameter space. For both
of the Points (c.f. App. A), the dominant source of super-
partner production is first and second generation squark
production. To gain some idea of the amount of signal we
are working with for Points (1,2): the branching fraction
to h+� is about (16%,4%); the fraction of boosted Higgs
bosons is about (40%,50%); this leads to a cross section
for boosted h + � of about (0.13,0.07) pb.

To simulate the supersymmetric signal, we use Pythia
v6.4 [19] to generate parton level events with subsequent
showering and hadronization. We assume the LHC is
operating at

p
s = 14 TeV, however our results follow

quite well for lower energies that we have also simulated,
including

p
s = 10 TeV. We take leading order cross

sections for squark and gluino production, however note
that the k-factors can be sizeable [29]. We select events
that have at least one hard and isolated photon, at least
one b-jet with high pt, and have large missing energy:

/ET > 100 GeV p�
t > 100 GeV pb

t > 200 GeV .
(4)

For simplicity, we have taken the cuts to be identical for
both Points despite the fact that further optimization in
significance can be achieved by tuning the cuts. More
details of the e↵ects of varying cuts will be presented in
Ref. [25].

To be conservative, we take the photon identification
e�ciency to be 80%, with a jet-fakes-photon rate of 0.1%
1. We then run our Higgs-finding algorithm on the event

1 A jet rejection factor of ' 0.05% can actually be obtained in
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FIG. 1: The Higgs peak in the bb̄ invariant mass distribution is easily resolved above the supersymmetric and standard model
backgrounds, and well separated from the Z peak, using our jet substructure algorithm. The left figure (a) corresponds to
“Point 1” (Higgsino NLSP) while the right figure (b) corresponds to “Point 2” (Bino NLSP). See text for details. (color online)

sample that survives the cuts listed in Eq. (4). Roughly
one in four events with a Higgs boson pass this cut. The
output of the algorithm contains candidate Higgs jets.
We show the result of our algorithm in Fig. 1.

In Fig. 1, the shaded region labeled SUSY contains
many “candidate Higgs jets” that are not, in fact, from
Higgs decay. Instead, we must look for features in the
bb̄ invariant mass distribution, and it is here that one of
the great advantages of using jet substructure becomes
manifest: The clear identification of a Higgs peak in both
Points! In both Points, neutralinos that decay to Z(!
bb̄) + G̃ also pass our cuts. The Z peak is easily visible
in Point 2, while in Point 1 it forms merely an extended
shoulder towards lower invariant jet mass. For Point 2,
both the Z and h peaks are clearly evident, illustrating
the importance of the high energy resolution attained
using jet substructure.2 The smaller feature near mb¯b ⇠
160-180 GeV in both plots is due to hadronic top decay
where either a mistag or Cabbibo-suppressed W± decay
resulted in two b-tagged jets in the same initial fat jet.

In this analysis the major Standard Model background
is tt̄+jets where one of the jets fakes an isolated photon.
The tt̄+jets background is modeled as the sum of leading
order tt̄ + 0, +1, +2 jet samples with total cross section
1110 pb.3 Further reducible and irreducible Standard
Model backgrounds, such as W+�+jet [32], are negligible
after applying Eq. (4) and a b-tag. The W/Z +jets refers

ATLAS with photon identification e�ciency of 80% [30].
2 A conventional analysis relying on reconstructing two separate

b-jets completely misses the Higgs peak in Point 2.
3 The ALPGEN samples were generated without jet-parton match-

ing. However we rescale the total cross section to a sample of
CKKW matched MadGraph [31] tt̄ + 0, 1, 2 jets.

to +3 or more jets; we find that exclusive processes with
two or fewer jets do not contain enough hard objects to
fake our signal.

We can make a crude estimate of the significance of the
Higgs peak for each Point where all SM events and contin-
uum supersymmetric events are counted as background.
The supersymmetric continuum is simply derived by con-
necting the histograms between �2(�1) to +3(+2) bins
on either side of the Higgs peak in Point 1 (2) with a
straight line; all events in the lower trapezoid are the
background, while the event above are the Higgs signal.
This procedure yields a significance S = S/

p
B ' (9, 5)

for Points (1,2) as shown in Fig. 1. Adjusting the cuts,
either by hardening the photon pT requirement or by
adding a cut on the scalar pT sum, HT & 600 GeV, can
increase this slightly. Remarkably, with as little as a few
fb�1, a light Higgs with mass 115 GeV could be discov-
ered in the new physics event sample if the branching
fraction to Higgs bosons is order one. Similarly, with
just 10 fb�1, strong evidence of a light Higgs can appear
in new physics scenarios where only about 4% of the new
physics event sample contains a Higgs at all!

By comparison, conventional cut-based searches for
Higgs bosons in ��, �� + jets require integrated luminos-
ity ⇠ 30 fb�1 [33, 34]. By combining channels and using
sophisticated optimization, the discovery luminosity can
be brought down closer to 10 fb�1 [34], still well above
the result of our simple analysis. Obviously this compar-
ison is blatantly unfair because the ATLAS/CMS studies
include a complete detector simulation. Nevertheless, we
do think it is intriguing that comparably high levels of
(theoretically-derived) significance are possible with this
methodology.
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FIG. 2: Jet masses before and after filtering/mass-drop for pjetT ∈ (500, 550) GeV. The numbers of

events are normalized to be the same for the signal and the background. (a) Before filtering; (b)

after filtering with µ = 0.71 and ycut = 0.09. When a mass-drop is not found, we add an entry in

the zero mass bin such that the total number of jets is unchanged.

nS/
√
nB, where the numbers of signal and background events after jet grooming are defined

as follows. After jet grooming, the jet mass is always shifted lower, with signal jets concen-

trated around the W mass and background jets concentrated around much lower values. See

Figure 2 for an example. Therefore, we can apply a mass window cut to efficiently reduce

the number of background events. Then nS and nB are defined as the number of signal and

background events in the mass window.

Obviously, the significance also depends on the mass window we choose, so we scan over

the mass window too. The filtering result presented in Figure 1 is from such scans. For

example, the optimal mass window for pjetT ∈ (500, 550) GeV is mfilt ∈ (70, 90) GeV with

filtering parameters µ = 0.71 and ycut = 0.09, where mfilt is the jet mass after filtering.

However, as we will further improve the distinguishing power by conducting a multivariate

analysis using jet-substructure variables in the following sections, it is desirable to keep

more events at this stage. Therefore, we choose a relatively large mass window, mfilt ∈

(60, 100) GeV and scan the grooming parameters to maximize nS/
√
nB in this window for

all pT ’s. It turns out by doing so we obtain an equal or larger significance improvement

after the multivariate analysis than what we would have gotten with the window which is

optimal for filtering alone.

We have scanned the parameters for all three algorithms and all pT bins. The optimal
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FIG. 4: Tuning of filtering parameters for W -jets versus QCD-jets in the standard model.

help further boost the significance. Some of these variables have been proposed in recent

works on jet substructure, as will be briefly reviewed. There are also other variables which

we find very useful yet have not been mentioned or emphasized in existing references. We

first classify relevant variables according to the physics they represent, then present results

based on a set of principle variables which gives major significance gain. As mentioned

before, the discrimination power depends on the jet pT , so we always work on data samples

in separate 50 GeV pT bins.

Keep in mind, the jets studied in this section are the original unfiltered R = 1.2 “fat”

jets, but we have thrown out jets not passing the filtered mass window. The efficiency for

the filtering mass cut is indicated by the point marked ⋆ in Figure 1.

A. Jet and subjet mass

For samples with the same pT , a QCD-jet originates from a highly off-shell quark or

gluon, with no definite mass scale, while a hard jet from resonance decay such as a W -jet is

associated with a definite mass scale mW . As a result, a QCD-jet’s mass (mjet) is expected

to be roughly proportional to its pT , while the mass of a boosted W is mostly set by mW

with milder dependence on its pT . In the same way, if a jet can be decomposed into two

hard subjets, for example via filtering, the masses of these subjets (msub) are roughly set

by pjetT in the case of QCD while by mW in the case of W -jets. In our samples, both the

QCD-jets and the W -jets have already passed the filtered mass window cut. Nevertheless,

there is still distinguishing power in both mjet and msub. For illustration, see Figure 5. It
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FIG. 6: Representative R-core distributions for R = 1.2 fat jets with pjetT ∈ (500, 550) GeV and

mfilt ∈ (60, 100) GeV. A dissection of the physics producing these shapes is discussed in the text.

between the subjets is then ∆Rsub ∼ 2mjet/pT . In the case that the jet originates from

a color singlet, one expects the additional radiation to be within this radius, while for a

QCD-jet, which is color-connected to the beam, one expects the additional radiation to be

outside this radius. To characterize this radiation pattern in an infrared safe way, we define

R-cores as follows.

• Recluster the fat-jet with a smaller R < Rfat.

• Take the highest pT subjet after reclustering, call its mass m(R) and its transverse

momentum pT (R).

• The mass R-cores are defined as cm(R) ≡ m(R)/m(Rfat).

• The pT R-cores are defined as cpT (R) ≡ pT (R)/pT (Rfat).

For the application to boosted W ’s, we have Rfat = 1.2 and we consider R-cores with

R = 0.2, 0.3, . . . , 1.1. The mass and pT R-cores tend to carry almost identical information,

and in the end we use only pT R-cores for the final discriminant, since they work a little

better.
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FIG. 6: Representative R-core distributions for R = 1.2 fat jets with pjetT ∈ (500, 550) GeV and

mfilt ∈ (60, 100) GeV. A dissection of the physics producing these shapes is discussed in the text.

between the subjets is then ∆Rsub ∼ 2mjet/pT . In the case that the jet originates from

a color singlet, one expects the additional radiation to be within this radius, while for a

QCD-jet, which is color-connected to the beam, one expects the additional radiation to be

outside this radius. To characterize this radiation pattern in an infrared safe way, we define

R-cores as follows.

• Recluster the fat-jet with a smaller R < Rfat.

• Take the highest pT subjet after reclustering, call its mass m(R) and its transverse

momentum pT (R).

• The mass R-cores are defined as cm(R) ≡ m(R)/m(Rfat).

• The pT R-cores are defined as cpT (R) ≡ pT (R)/pT (Rfat).

For the application to boosted W ’s, we have Rfat = 1.2 and we consider R-cores with

R = 0.2, 0.3, . . . , 1.1. The mass and pT R-cores tend to carry almost identical information,

and in the end we use only pT R-cores for the final discriminant, since they work a little

better.
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FIG. 11: Distributions of grooming sensitivities, sensmfilt, sens
m
trim, and sensmprun for signal (W -jets)

and background (QCD-jets) for pjetT ∈ (500, 550) GeV. All events satisfy mfilt ∈ (60, 100) GeV.

significance from a single set of trimming parameters.

Here we use another way to combine information from different grooming procedures

based on the sensitivity to grooming. It is expected that for the same fat jet mass and

pT , radiation in QCD-jets has larger tendency to be groomed away than radiation around

a W -jet. The ratio of the jet mass or pT to its original value is therefore expected to be a

good measure of this difference. We define dimensionless variables grooming sensitivities

sensmfilt ≡
mfilt

m
, sensmtrim ≡

mtrim

m
, sensmprun ≡

mprun

m
, (3)

and similarly for pT grooming sensitivities. To be clear, the sample that we test these

on have already passed the filtered mass window cut mfilt ∈ (60, 100) GeV. To calculate

these sensitivities, we use the original jets, before filtering, but which pass the filtered mass

cuts. As expected, these ratios peak towards smaller value for QCD-jets than for W -jets

(Figure 11).

D. Planar flow

There have been attempts to discriminate jets from heavy particle decays against QCD-

jets by using observables as functions of energy flow of the physical jet [3, 15]. One variable

of such type that we found useful for our purpose is planar flow, Pf , which characterizes

the geometric distribution of energy deposition from a jet. Planar flow is defined as

follows. For a given jet we first construct a matrix Iklw = 1
mjet

∑

i wi
pi,k
wi

pi,l
wi

where mjet is

the jet mass, wi is the energy of particle i in the jet, pi,k is the kth component of its

transverse momentum relative to the jet’s momentum axis. Pf is then defined based on Iw
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FIG. 11: Distributions of grooming sensitivities, sensmfilt, sens
m
trim, and sensmprun for signal (W -jets)

and background (QCD-jets) for pjetT ∈ (500, 550) GeV. All events satisfy mfilt ∈ (60, 100) GeV.

significance from a single set of trimming parameters.

Here we use another way to combine information from different grooming procedures

based on the sensitivity to grooming. It is expected that for the same fat jet mass and

pT , radiation in QCD-jets has larger tendency to be groomed away than radiation around

a W -jet. The ratio of the jet mass or pT to its original value is therefore expected to be a

good measure of this difference. We define dimensionless variables grooming sensitivities

sensmfilt ≡
mfilt

m
, sensmtrim ≡

mtrim

m
, sensmprun ≡

mprun

m
, (3)

and similarly for pT grooming sensitivities. To be clear, the sample that we test these

on have already passed the filtered mass window cut mfilt ∈ (60, 100) GeV. To calculate

these sensitivities, we use the original jets, before filtering, but which pass the filtered mass

cuts. As expected, these ratios peak towards smaller value for QCD-jets than for W -jets

(Figure 11).

D. Planar flow

There have been attempts to discriminate jets from heavy particle decays against QCD-

jets by using observables as functions of energy flow of the physical jet [3, 15]. One variable

of such type that we found useful for our purpose is planar flow, Pf , which characterizes

the geometric distribution of energy deposition from a jet. Planar flow is defined as

follows. For a given jet we first construct a matrix Iklw = 1
mjet

∑

i wi
pi,k
wi

pi,l
wi

where mjet is

the jet mass, wi is the energy of particle i in the jet, pi,k is the kth component of its

transverse momentum relative to the jet’s momentum axis. Pf is then defined based on Iw
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FIG. 11: Distributions of grooming sensitivities, sensmfilt, sens
m
trim, and sensmprun for signal (W -jets)

and background (QCD-jets) for pjetT ∈ (500, 550) GeV. All events satisfy mfilt ∈ (60, 100) GeV.

significance from a single set of trimming parameters.

Here we use another way to combine information from different grooming procedures

based on the sensitivity to grooming. It is expected that for the same fat jet mass and

pT , radiation in QCD-jets has larger tendency to be groomed away than radiation around

a W -jet. The ratio of the jet mass or pT to its original value is therefore expected to be a

good measure of this difference. We define dimensionless variables grooming sensitivities

sensmfilt ≡
mfilt

m
, sensmtrim ≡

mtrim

m
, sensmprun ≡

mprun

m
, (3)

and similarly for pT grooming sensitivities. To be clear, the sample that we test these

on have already passed the filtered mass window cut mfilt ∈ (60, 100) GeV. To calculate

these sensitivities, we use the original jets, before filtering, but which pass the filtered mass

cuts. As expected, these ratios peak towards smaller value for QCD-jets than for W -jets

(Figure 11).

D. Planar flow

There have been attempts to discriminate jets from heavy particle decays against QCD-

jets by using observables as functions of energy flow of the physical jet [3, 15]. One variable

of such type that we found useful for our purpose is planar flow, Pf , which characterizes

the geometric distribution of energy deposition from a jet. Planar flow is defined as

follows. For a given jet we first construct a matrix Iklw = 1
mjet

∑

i wi
pi,k
wi

pi,l
wi

where mjet is

the jet mass, wi is the energy of particle i in the jet, pi,k is the kth component of its

transverse momentum relative to the jet’s momentum axis. Pf is then defined based on Iw
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FIG. 12: Signal vs. background planar flow (Pf ) distributions for p
jet
T ∈ (500, 550) GeV: (a) Pf for

the fat jet (R = 1.2); (b) Pf for the leading subjet reclustered with R = 0.4.

as Pf = 4det(Iw)
tr(Iw)2 = 4λ1λ2

(λ1+λ2)2
where λ1,2 are eigenvalues of Iw. For linear distributions, Pf → 0,

while for isotropic distributions, Pf → 1.

Planar flow has been suggested for top-tagging, since a boosted top jet should be more

isotropic due to three hard prongs coming from its on-shell decay. In contrast, a QCD-jet

is more linear as it typically has two leading hard prongs. Resonances decaying to two

partons are more similar to QCD-jets in terms of Pf , but as pointed out in [15] with Higgs

as an example: although both have two prongs and Pf peaks towards 1, the prongs from

the heavy particle decay are sharper and Pf peaks at lower values than QCD. The planar

flow distributions for W -jets and their QCD-jet background are shown in Figure 12. We see

that planar flow promises to still be a useful discriminant. Planar flow becomes even more

useful at higher pT .

We find it useful to consider not just the planar flow of the original fat jet, Pf , but also the

planar flow of the the highest pT subjet resulting from reclustering with R = 0.4, Pf(0.4).

R = 0.4 is more useful for high pT samples, while R = 1.2 is more useful for low pT samples,

which is related to the pT -dependence of proper jet cone sizes.

E. Features of Subjets

After reclustering with smaller R during filtering, we get a set of subjets from the original

fat jet. Variables related to these subjets can further distinguish substructure of W -jets from

that of QCD-jets. It is known that the two subjets from the decay of a massive particle

15
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FIG. 12: Signal vs. background planar flow (Pf ) distributions for p
jet
T ∈ (500, 550) GeV: (a) Pf for

the fat jet (R = 1.2); (b) Pf for the leading subjet reclustered with R = 0.4.

as Pf = 4det(Iw)
tr(Iw)2 = 4λ1λ2

(λ1+λ2)2
where λ1,2 are eigenvalues of Iw. For linear distributions, Pf → 0,

while for isotropic distributions, Pf → 1.

Planar flow has been suggested for top-tagging, since a boosted top jet should be more

isotropic due to three hard prongs coming from its on-shell decay. In contrast, a QCD-jet

is more linear as it typically has two leading hard prongs. Resonances decaying to two

partons are more similar to QCD-jets in terms of Pf , but as pointed out in [15] with Higgs

as an example: although both have two prongs and Pf peaks towards 1, the prongs from

the heavy particle decay are sharper and Pf peaks at lower values than QCD. The planar

flow distributions for W -jets and their QCD-jet background are shown in Figure 12. We see

that planar flow promises to still be a useful discriminant. Planar flow becomes even more

useful at higher pT .

We find it useful to consider not just the planar flow of the original fat jet, Pf , but also the

planar flow of the the highest pT subjet resulting from reclustering with R = 0.4, Pf(0.4).

R = 0.4 is more useful for high pT samples, while R = 1.2 is more useful for low pT samples,

which is related to the pT -dependence of proper jet cone sizes.

E. Features of Subjets

After reclustering with smaller R during filtering, we get a set of subjets from the original

fat jet. Variables related to these subjets can further distinguish substructure of W -jets from

that of QCD-jets. It is known that the two subjets from the decay of a massive particle
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FIG. 13: Signal and background distributions of psub2T /pT , ∆Rsub and nsub for pjetT ∈ (500, 550) GeV

samples in the filtered mass window.

are more symmetric in pT than those from QCD. In fact, the ycut parameter in the filtering

algorithm is based on this consideration. We call the subjet with the highest pT subjet 1

and the one with the second highest pT subjet 2.

Two variables that we find useful are the ratios of the pT ’s of the two leading subjets to

the original jet pT : psub1T /pT and psub2T /pT . These variables are more useful than psub1T /psub2T

alone. Another useful variable is the geometric distance in the η-φ plane between the two

leading subjets ∆Rsub. For signal jets it peaks around smaller values than QCD-jets. Fi-

nally, the total number of subjets (pT > 10 GeV) after the filtering process, nsub, can help.

nsub concentrates around smaller values for W -jets than for QCD-jets. This is because com-

pared with W -jets, QCD radiation is more diffusely distributed. For illustration plots, see

Figure.13.

5. MULTIVARIATE ANALYSIS FOR OPTIMAL W -JET TAGGING

So far we have seen how certain variables may help improve significance when individually

used. A proper combination of different variables could optimize the discrimination power

as it incorporates more details of radiation pattern. As before, we consider the SM WW

(semi-leptonic) and Wj (leptonic W decays) data samples which have been processed with

filtering and then passed a mfilt ∈ (60, 100) GeV mass window cut. After the mass window

cut, the original unfiltered fat jets are used for subsequent analysis.

Simple rectangular cuts cannot make optimal use of multiple variables since they over-

look the multidimensional correlations. Instead we use more sophisticated multivariate

techniques, as implemented in TMVA (Toolkit for Multivariate Data Analysis with Root)

16

[35], to maximize the efficiencies. In particular, we use the Boosted Decision Trees (BDT)

method which appears fast and reliable, and particularly well suited for high energy theory

analyses. Details of this method as used in particle physics can be found, for example,

in [36]. As we will see, using our variables and BDTs is significantly better than filtering

alone, with an additional factor of 2− 3 improvement in SIC. One can then apply the cuts

giving the maximal SIC to data samples from different processes (we will show two examples

later: Z ′ discovery and Wj as signal vs. jj). Such applications also test the robustness of

multivariate methods.

For various jet pT ’s we begin with ∼ 105 signal events and ∼ 106 background events

after the filtered mass cut as input samples. We first rank the individual variables based

on the SIC when they are individually used. Then among those at the top we try to find

a combination of variables for which the improvement in S/
√
B almost saturates (adding

even more variables on top has little effect). Some variables, like the pull angles, girth, or

mass R-cores tend not to help on top of other top variables, so they are not used for the

final list. A nice feature of the BDT method is adding useless variables does not particularly

downgrade the training speed or final efficiencies. A set of 25 variables (all these variables

have been defined in Section 4) that saturate the efficiencies is

mjet, cpT (0.2− 0.11), sensm,pT
filt,trim,prun, Pf , Pf(0.4),

psub1,sub2T

pT
,
msub1,sub2

m
, ∆Rsub, nsub. (4)

We use 10 pT R-cores, from R = 0.2 to R = 1.1 by 0.1 and 6 grooming sensitivities.

Figure 14 shows the SIC curves (εS/
√
εB functions of εS) for these variables, as each one

(or set) are added. The curves are cumulative. The big jumps in the lower curves come from

adding 10 R-cores and then the two filtering sensitivities as groups. Naturally, the discrimi-

nation efficiency of the variables is pT dependent, so plots for pT ∈ (200, 250), (500, 550) and

(1000, 1050) GeV are shown separately. Figure 15 shows the maximal SIC using these 25

variables as a function of pT . We see the improvement gets more appreciable towards higher

pT .

In practice if one prefers to use fewer variables and be less ambitious about significance

gain, one can do almost as well with a subset of these variables. For example, if we take the

7 variables

m(0.5), m(0.4), mfilt, m
sub1, msub2,

psub2T

psub1T

, Pf(0.4), (5)
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FIG. 3: Normalized differential distributions of the N-subjettiness ratio τ3/τ1. In the left panel we plot this ratio for ecal hits
only, and in the right panel we plot τ3/τ1 for the full calorimeter tower entries.
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FIG. 4: Two-dimensional distribution of 103 signal events (left panel) and 103 b jet events in the τ3/τ1–p
j
T /mj plane. The

ditau events are less correlated than QCD jets.

products of the tau arise from a color-singlet state and
the decay itself is an electroweak process. Although, we
expect less radiation in a ditau jet compared to QCD [28],
it is still not a clean jet. Unlike QCD jets, a ditau jet
deposits energy in the calorimeter in a prong-like fash-
ion – a feature which we exploit in our analysis. More
specifically, we consider N -subjettiness [29, 30], a deriva-
tive of the recently proposed observable N -jettiness [31].
We use the definition of [30]

τN =

∑

k pT,k min (∆R(1, k), . . . ,∆R(N, k))
∑

j pT,j R
, (8)

where the indices k, j runs over the fat jet-constituents
and the index N denotes the number of required sub-
jets. Note that in this definition, ∆R(i, k) denotes the
distance from the jet constituent k to the subjet i. N -

subjettiness† is particularly successful in discriminating
those jets that have a substructure of isolated collimated
energy deposits from jets that have a more fanned out
substructure. Actually, the ratios between different τN
are found to be superior to plain τN distributions in dis-
criminating jets with multiprong structures [30]. In the
case of ditau jets, we find that τ3/τ1, whether of the full
calorimeter tower or of the ecal entries, works best (see
Figure 3). It must be emphasized that in order to get
small values of τN , N does not need to match the num-
ber of charged decay products of the taus; rather it must
match those of the pronounced energy deposits in the jet.

We find the ratio between a jet’s transverse momentum
and mass, pjT /mj , to be another powerful discriminator

†We do not perform a minimization procedure to retrieve a global
event shape observable, but instead use the exclusive kT algorithm
as implemented in FastJet on the jet’s constituents to cluster ex-
actly N subjets.

di-tau jets
Englert, Roy, Spannowsky  ‘11
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between a ditau jet and an ordinary QCD jet. This quan-
tity is sensitive to the size of the ”active area” of the jet
(the area where radiation is measured), and to the align-
ment between hard radiation and jet axis. For the pencil-
like structure of the ditau jets we expect larger values of
pjT /mj than for QCD jets, which we confirm in Figure 5.
More interestingly, a distinct pattern of correlation is

observed in the N -subjettiness vs. pjT /mj plane for the
ditau jets. For the QCD jets, as shown in Figure 4, in-
creasing values of τ3/τ1 are correlated with increasing
pjT /mj, whereas for ditau jets these are anti-correlated.
Before concluding this section let us also briefly men-

tion that the number of charged tracks associated with a
jet can play a crucial role in tagging ditau jets. In Fig-
ure 6 we have plotted the distribution of the number of
charged tracks with pT ≥ 2 GeV. As expected, a much
larger fraction of ditau jets contain 2 or fewer tracks in
them.

III. DITAU JETS AT WORK: A CASE STUDY

As a concrete phenomenological example, we apply the
ditau sensitive observables from Sec. II to extract Higgses
out of pp → h(AA)Z(ℓ+ℓ−) + X events via identifying
ditau jets (candidates for A particles). For a realistic dis-
covery potential, however, we also need to be concerned
about the rates. Consequently, we employ the discrimi-
nating powers of only τ3/τ1 and pjT /mj to isolate ditau
jets after imposing realistic pre-selection requirements.
We again use the mass parameters quoted in Eq. (2)

and assume BR(A → τ+τ−) = 100%. The signal events
are characterized by (i) two isolated hard leptons of iden-
tical flavor that reconstruct a Z boson, (ii) a couple
of ditau jets, and (iii) a sizable amount of missing en-
ergy. Therefore, the biggest backgrounds to the signal
events are due to ZZj, WZj, WWj and tt̄ events. Note
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FIG. 6: Normalized differential distribution of the number of
charged tracks for ditau jets and QCD jets.

that Z(ℓ+ℓ−)+jets can also be an important background,
since jet mismeasurement can give rise to a finite /pT . On
the other hand, Z/γ+jets actually are SM-candle pro-
cesses for getting a handle on these detector and jet
energy-scale induced effects in a data-driven approach
(see, e.g., Ref. [32]). It is impossible to realistically asses
these systematic effects without carrying out the full de-
tector simulation, especially because we are explicitly
looking into the phase space region where the missing
energy tends to be aligned with the leading jet (see be-
low). Therefore, we have to rely on the experiments to
estimate this contribution to the background. Given that
the jet energy scale can be determined at the level of a
few percent [33], we believe that this background can be
reliably reduced and we do not include these events in
our background analysis.
We produce the matched diboson+jet samples with

Sherpa [34]. The QCD corrections to these pro-
cesses have been provided recently in Ref. [35] (see also
Ref. [36] for further details on precision diboson+jet phe-
nomenology). We find the K factors associated with
W−Zj (W+Zj) production to be 0.825(0.884) using
Vbfnlo [37], i.e. the QCD corrections reduce the leading
order results in the considered phase space before subjets
cuts are imposed. For the ZZj and WWj production,
there are currently no publicly available codes. However,
it is known that the QCD corrections are qualitatively
and qualitatively similar [35, 36], and we adopt theK fac-
tor for WZj events for the remaining V V j backgrounds.
The tt̄ sample is produced using Herwig++ [38]; we

normalize to the NLO QCD cross section of 815 pb [39].
The ditau signal events are generated using Pythia.
Even a very large ditau-jet tagging efficiency is still too

low to compete with the large V V j and tt̄ backgrounds
on an inclusive level if we also take into account a small
mistagging probability. We, therefore, apply a number of
S/B-improving pre-selection criteria before we can use
the ditau sensitive observables of the previous section.
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ditaus ZZj WZj WWj tt̄

1.00 1.00 1.00 1.00 1.00

nℓ = 2,
0.416 0.217 0.130 0.011 0.026

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

max (pℓT , p
ℓ′

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

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

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

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

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

cross section [fb] 1.32 0.45 1.83 0.18 0.29

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

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

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

√
B ! 5

for L = 12 fb−1.

IV. TOWARD LOW pT DITAU TAGGING

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

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

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

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

d = p(light flavor)
L(ditau)

L(ditau) + L(light flavor)

+ p(c)
L(ditau)

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

L(ditau)

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

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

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

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

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

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

V. SUMMARY AND CONCLUSIONS

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

We perform a series of quantitative studies:

• use the decay channel:  

• for ditau jets we use: 

• for background jets we use jets in QCD dijet events   

Details: 

• Signal and Background generated using MadGraph + Pythia 8. 

• Detector effects from Delphes. 
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Figure 2: N� subjettiness variables Log(⌧1) (left) and ⌧31 (right) for all the SM samples

Transverse momentum of the leading subjet A QCD jet is associated with a single hard parton
leading to numerous soft partons due to showering. As a result the energy is distributed uniformly
through the radius of the leading jet. Under �J , it has a behaviour very similar to the multi pronged
jets, as shown in the left panel of Fig. 3. This results in �J being close to zero. The e� and �� jets
are distinctly di↵erent from QCD as the former do not yield softer partons and almost all the energy
is carried by the leading subjet, leading to much smaller values of �J .
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Figure 3: �J (left) and ✏J (right) for all the SM samples

4 ‘Background free’ spaces in the higher-dimensional space

For most of the variables (except tracks) electron and photon exhibit an almost identical pattern. All
the variables are constructed out of the calorimetric constituents which are nearly identical for both
these samples. Thus, we are e↵ectively dealing with only three SM samples as far the behaviour with
respect to these varibles (except tracks) are concerned.
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⌧32. However we check that the di-samples, as expected, peaks at much smaller values compared to
mono-samples. For the QCD multijet events, we do not expect any specific pattern in the energy
distribution amoung the subjets, and thus ⌧1, ⌧2 and ⌧3 all are expected to be of same order and thus
the ratios ⌧21 and ⌧32 all peaks at relatively large values.

• Energy Correlation functions and their ratios:
Similar to N� subjettiness, this variable is a measure of number of localized sources of energy

inside a jet. The key di↵erence is in it’s implementation, where it does not require to find subjet axes
inside a jet. The pronginess of a jet is computed by taking the constituents of a jet and estimating the
energy and the pair-wise angle between them. The N� point energy correlation function is defined as

ECF (N,�) =
X

i1<i2<...<iN2J

 
NY

ia=1

pTia

! 
N�1Y

b=1

NY

c=b+1

Ribic
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(2.3)

where Rab is the euclidean distance between the ath and bth constituent of the jet. The angular expo-
nent � is introduced to optimize the discrimination power, we choose � > 0 to make our construction
infra-red and collinear safe. From the defition of ECF, it is evident that for a jet with N prongs of
energy ECF (N+1,�) = 0. Using these energy correlation functions, one can again construct di↵erent
ratios (r�N ) and double ratios (C�

N ) respectively as,

r�N =
ECF (N + 1,�)

ECF (N,�)

C�
N =

r�N
r�N�1

. (2.4)

The ratio r�N is very close to zero for a N� pronged jet, thus behaving very similar to N�
subjettiness variables.

• Transverse momentum of leading subjet (�J):
Of the three hardest subjets inside the leading jet, we determine the fraction of pT carried away

by the leading subjet. To evaluate this we construct a variable �J as

�J = log

✓
1� pTL

pTJ

◆
(2.5)

where pTL is the tranverse momentum of the leading subjet while pTJ is transverse momentum of the
total jet. Since the leading jet constituents are reclustered using the kT� algorithm, softer constituents
are clustered first. A QCD jet is associated with a single hard parton leading to numerous soft partons
due to showering. As a result the energy is distributed uniformly through the radius of the leading
jet. Under �J , it has a behaviour very similar to the multi pronged jets, as shown in Fig. ??. This
results in �J being close to zero. The e� and �� jets are distinctly di↵erent from QCD as the former
do not yield softer partons and almost all the energy is carried by the leading subjet, leading to much
smaller values of �J .

• Energy-Energy Correlation (✏J)

A variable similar to �J , one can also define a variable which estimates the amount of energy
carried away by the leading subjet. It is defined as

✏J =
EL (ENL + ENNL) + ENLENNL

E2
J

(2.6)
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BDTs. One is trained to separate QCD-jets and photon-
jets based only on the conventional discriminants (DC)
and is plotted on the vertical axis in the following plots,
while the other BDT is trained to separate photon-jets
from single photons with the substructure discriminants
(DS) alone and is plotted along the horizontal axis. We
present the results in terms of two-dimensional contour
plots where the numerical values associated with a given
contour corresponds to the relative probability to find
a calorimeter object of the given kind (indicated by the
color) in a cell of size 0.1 ⇥ 0.1 in BDT response units.
(Note that, by construction, the BDT responses have val-
ues in the range �1 to +1, where +1 means ‘signal-like’
and �1 means ‘background-like’.) The color coding in
these figures matches the previous choices. Red is for
QCD-jets, blue for photon-jets and green is for single
photons.

As a first example, Fig. 13 indicates the 2-dimensional
distributions resulting from the BDTs for PJSP 2, a sce-
nario with typically two photons in the photon-jet with
small angular separation due to the small value of m1.
When interpreting the following figures it is important
to recall that the jet samples indicated in these figures
are constrained to satisfy ✓J  0.25, which means that
we are only keeping the approximately 2% of QCD-jets
that are most ‘photon-like’. However, Fig. 13 indicates
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FIG. 13. The BDT responses of QCD-jets(red), single pho-
tons(green) and photon-jets(blue) for photon-jets at PJSP 2.
The DS variables are used on the horizontal axis and the DC

variables on the vertical axis.

a pretty clear separation between the QCD-jets and the
true photon objects (little red above 0.0 in the vertical
direction). On the other hand, as we expect from our pre-
vious one-dimensional discussions in Subsection IVE, the
blue (photon-jet) contours in the upper-left green (single
photon) region indicate that it is a challenge to com-

pletely separate (PJSP 2) photon-jets from single pho-
tons.
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FIG. 14. The BDT responses of QCD-jets(red), single pho-
tons(green) and photon-jets(blue) for photon-jets at PJSP 3.

In the case of PJSP 3 photon-jets, as indicated in
Fig. 14, the photon-jet versus single photon separation
challenge is even larger, as we have already discussed.
Again we have photon-jets with potentially two photons
but, due to the relatively large m1 value, one of those
photons is sometimes outside of the identified jet. This
explains the small region with a solid blue (probability
0.1) contour inside the green (single photon) region.
The corresponding results for the more complex (and

more easily separated) photon-jets of PJSP4 and PJSP8,
typically with 4 photons in a photon-jet, are displayed
in Figs. 15 and 16. In these scenarios the three-way
photon-jet versus single photon versus QCD-jet separa-
tion is fairly cleanly achieved using just the DS (horizon-
tal) and DC (vertical) variable sets. At the 0.005 level
there is only a tiny overlap of photon-jets with QCD-jets
for PJSP4 (near the location (0.5,0.0) in Fig. 15) and no
overlap for PJSP 8 (Fig. 16).
Before ending this section we should discuss one other

point. From our previous discussion, one would expect
to improve the photon-jet versus single photon separa-
tion by using the full D set of variables (instead of the
DS variables alone), and this expectation raises one of
the interesting, and challenging, features of simultaneous

separations. Since we are currently training the BDTs so
that each BDT separates one type of signal from one type
of background, while, at the same time, trying to perform
a three-way separation, it can happen that an improve-
ment in one separation corresponds to a degradation in
another of the separations. To illustrate this point we
first reproduce the results in Fig. 14, but now include a
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for PJSP 8. We use C/A subjets to calculate �J .

if still contained in the same subjet, that subjet will col-
lect substantially more ghosts resulting in a subjet with a
larger active area. QCD-jets contain many soft particles
and so the subjets in QCD jets have larger areas. Thus
we see that the QCD distribution peaks for �j near 0.5,
while the single photon distribution exhibits both a large
peak at small (⇠ 10�2) �J and a smaller peak at larger
(⇠ 0.4) �J values. The photon-jet cases interpolate be-
tween these two behaviors and this variable can clearly
provide some discriminating power.

C. Multivariate Analysis

We have, so far, introduced a set of well-understood
variables. In this subsection, we will employ these vari-
ables in a multivariate discriminant, specifically in a
Boosted Decision Tree (BDT) [52]. A decision tree is
a hierarchical set of one-sided cuts used to discriminate
signal versus background. The ‘boosting’ of a decision
tree extends this concept from one tree to several trees
which form a forest. The trees are derived from the same
training ensemble by reweighing events, and are finally
combined into a single classifier.

In the current discussion we are treating photon-jets
as the signal and both single photons and QCD-jets as
background. We construct multiple BDT analyses in or-
der to estimate how well the photon-jets can be separated
from single photons and from QCD-jets. This will allow
us to demonstrate the power of the new jet substruc-
ture variables when these are combined with the conven-
tional variables. In practice, we employ the Toolkit for
Multivariate Analysis (TMVA) [53] package and use the
“BDTD” option to book BDTs, where the input variables
are decorrelated first.

For every study point in Table I we optimize two
separate BDTs, one for discriminating photon-jets form
QCD-jets and the other for separating photon-jets from

single photons. We make use of all the variables dis-
cussed earlier in order to minimize the background fake
rate (F = the fraction of the background jets that pass
the cuts) for a given signal acceptance rate (A = the frac-
tion of the signal jets that pass the cuts). For demonstra-
tion purposes we also consider BDTs made with a subset
of the full set of variables. To be specific, we consider
three di↵erent sets of variables:
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where the subscripts C/A or kT in Eqs. (10) and (12) im-
ply that the observables are calculated using C/A or kT
subjets. The sets DC and DS consist of the conventional
and the jet substructure variables respectively, whereas
D is the set of all variables.
In a previous paper [? ] we described the more conven-

tional separation of single photons from QCD-jets along
with an initial introduction to the separation of single
photons from photon-jets. In both cases the single pho-
tons were treated as the signal. Here we extend that
discussion and focus on the photon-jets as the signal.
We organize the results of our analysis into three sub-
sections. First, we show the results of BDTs optimized
to discriminate photon-jets from QCD-jets, the analogue
of the seperation of single photons from QCD-jets. In
the following subsection, we repeat the same study, but
optimize it for treating single photons as the background
to photon-jets. Finally, we demonstrate how the BDTs
might be used for an e↵ective three-way separation of
single photons from photon-jets from QCD-jets.

D. QCD-Jets as Background for Photon-jets

We use all of the variables in the set of discriminants D
in the BDTs in order to maximize the extraction of signal
jets (photon-jets) from background (QCD-jets). This is
similar to the separation of single photons from QCD-jets
perfromed in Ref. [? ]. The BDTs are trained individu-
ally for each study point. The results for fake rate versus
acceptance are shown in Fig. 9 for all of the study points.
In this plot the lower right is desirable and the upper left
is undesirable. Note that the acceptance rate for photon-
jets is bounded above by about 0.94 due to our preselec-
tion cut ✓J � 0.25 (see Section IVB4). The same cut
eliminates approximately 98% of the QCD-jets yielding
a fake rate below 10�2 except at the largest acceptance.

For 2 photon photon-jets (study points 1 to 3) the sep-
aration becomes easier as m1 increases yielding increas-
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Number of Signal Region Selection cuts SM backgrounds (yield in %)
Tracks Photon Electron Tau QCD

0 SR0a ✓J < �0.6,�J > �0.45 0.3 0.09 0.196 0.03
SR0b ✓J > �0.6,�J < �1.0 0.45 0.02 0.49 0.03

1 SR1a ✓J < �0.6,�J > �0.42 0.09 0.86 0.98 0.09
SR1b ✓J > �0.6,�J > �0.2 0.01 0.02 0.63 0.61

2 SR2a ✓J < �0.7,�J > �0.45 0.17 0.29 0.19 0.05
SR2b ✓J > �0.7,�J < �0.65 0.14 0.6 6.89 0.40

3 SR3a ✓J < �0.5,�J > �0.4 0.05 0.05 0.11 0.23
SR3b ✓J > �0.5,�J < �0.6 0.04 0.003 5.22 0.72

4 SR4a ✓J < �0.6 0.08 0.2 0.05 0.11

Table 2: The numbers represent the fraction of SM smaples remaining after the best choice of variables
have been made using BDT..abd blah...see text

and n2 with the following assumption on the masses

mHiggs � mn1 � mn2 (4.1)

Collimate samples of 2e, 2�, 2⌧ are then simulated using the following non-standard topology:

p p ! h ! n1 n1 ! 4�, 4e, 4⌧, (4.2)

The above process can be described by the following e↵ective lagrangian:

Leff ⇠ hGa
µ⌫G

µ⌫
a + µhhn

2
1 + µ12n1n

2
2 + (⌘1n1 + ⌘2n2)AA, (4.3)

where the field A represents either a photon field strength tensor Amu⌫ = Fµ⌫ or a fermion field
A = e, ⌧ . Lorentz indices have been suppressed for compactness of notation. µh, µ12 are the mass
parameters, and ⌘1,2 are dimensionful couplings. The opening angle between the decay products of n1

can be approximated by ⇠ 2mn1
(pT )n1

, and will be small for lesser values of n1 masses. Using Eq. (4.3),
one can further simulate toplogies of the form

p p ! h ! n1 n1 ! n2n2n2n2 ! 8�, 8e, 8⌧, (4.4)

which can contain 4 collimated �, e or ⌧ in the limit when mn1 � mn1 . While out analysis is
applicable across a wide range of collimated topologies, for similicity we restrict our description to
scenario corresponding to the topology in Eq. 4.2 which contains nearly collineanr 2(�, e, ⌧).

The ‘signal’ in our case corresponds to collimated ��, ee, ⌧⌧ referred to as Di-(photon,electron,tau)
respectively. They can be distinguishable from their SM counterparts (�, e, ⌧) by virtue of di↵erent
jet-substructure. Table ?? gives the percentage of ‘signal’ samples in the background free spaces
introduced in Table ??. The background free region in nT = 0(1) and large —Log(✓J)— has a
dominant Di-photon(electron) presence thus validating our analysis. The Di-tau on the other hand
poses a significantly greater challenge owing to its similarity to both QCD and ⌧ . While one may
succeed in reducing QCD, there is always a considerable ⌧ remnant along with Di-tau.
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to the peaks in the distributions under these variables. It exlicitly shows the region where QCD
is likely to dominate and being distinctly di↵erent from that of �. Thus, the SM is completely
depleted in a region with small hadronic content and region with relatively larger values in the
(r1, ✏J) plane. First row of Table ?? gives the percentage of SM samples remaing after the cuts
on these variables have been imposed.

Figure 7: The left plot shows the schematic for e, � and QCD separation in large —Log(✓J)— region.

The right plot represents ⌧ and QCD sepration for small —Log(✓J)— region.

Figure 8: Cutflow for nT = 1

• nT = 1: This scenario proceeds exactly similar to the nT = 0. The di↵erence lies in the fact
that this particular track branch is dominated by the SM e and ⌧ sample and to a much lesser
extent by the �. Using the cut on Log(✓J), one may distinguish the e from the ⌧ sample. In the
large —Log(✓J)— scenario, we choose the best variables which can discriminate e from QCD.
The variables chosen to discriminate � and QCD works well in this case too. The cuts in this
case can be chosen based on the plots in the upper row for Fig. 9

The smaller —Log(✓J)— branch is likely to be dominated by QCD and ⌧ . There may exist
a possibility of NP being ⌧ like in this branch (in terms of large hadronic content). Along
this branch, QCD constitutes the major background. As a result it is essential to identify
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A toy `NP’ Model
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tau21
tau32

Combined

lambdaJ epsJ

Number of Signal Region New Physics (yield in %)

Tracks Di-photon Di-electron Di-tau

0 SR0a 42.5 0.56 0.12

SR0b 0.02 0 0.06

1 SR1a 11.49 6.47 0.67

SR1b 0.06 0.03 1.02

2 SR2a 1.60 35.89 0.56

SR2b 0.02 0.2 3.92

3 SR3a 0.41 9.11 0.63

SR3b 0.005 0.005 2.36

4 SR4a 0.10 1.1 0.175

Table 3: The numbers represent fraction of signal smaples remaining after the best choice of variables
have been made using BDT..abd blah...see text

5 Towards a multi-variate analysis

We proposed a framework, wherein an analysis is fundamentally focussed on understanding and reduc-
ing the SM background. This also serves as a trigger where any new physics e↵ects may possibly man-
ifest and was demonstrated by simulating collimated samples of ee, ��, ⌧⌧ . While Di(photon,electron)
enjoyed a significant acceptance over the background rejection, Di-tau was not as successful. Further,
the entire analysis revolved around the choice of two separate sets of variables: a) (r1, ✏J) for the
separation of � and QCD and b) (r1, c1) to discriminate ⌧ and QCD. One is then tempted to ask
if this representation can be accomplished by a single two-dimensional space while atleast retaining
the results of the previous section. Further, it is also interesting if the technique not only helps in
simplifying but can significantly improve the Di-tau acceptance over the SM background.

The philosophy is very similar to the constructing correlation plots in Fig. 9. However, the key
di↵erence lies in the fact that a given axis is not characterized by a single variable. It takes into account
cumulative e↵ect of numerous variables which are qualitatively similar with regards to the separation
of di↵eren SM samples. Compressing di↵erent variables on a given axis, corresponds to a many to one
mapping where i.e. for each event in a given sample, di↵erent variables would be mapped to a single
number. Fig 11 gives a schematic of this mapping. This form of a mapping o↵ers several advantages
over simple cut based scheme demonstrated in the 2D plots in Fig 9 and described in Table ??. The
latter is characterized by a di↵erent levels of hard cuts on the variables and selecting region where the
percentage of background events are less. However, the regions where the background is dominant,
may also be populated by single events which are of interest to us, but have now been rejected. This
inadvertently leads to loss of signal events. This can be overcome by contructing a cut-flow tree similar
to the one contructed for each track branch. The di↵erence lies in the fact that the choices for the
value of the cut and depth of the tree is a variable and is optimised to separate two given samples.
This is evident at level L3 leading to L4 of Fig. 10. These signal points would ordinarily have been
rejected after the decision at L2. However, they go through another level of processing for optimising
the segregation. A given tree corresponds to one particular set of cuts on the variable set vi and the
depth. A single tree can also be sensitive to the choice of the cuts on the variables. As a result multiple
trees are constructed and a weighted procedure is then adapted to arrive at a single number from a
set of variables as shown in in Fig 11.

The depth of the tree and the choice of the variables vi depends on the analysis. Corresponding
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‘signal’ topologies are not used to separate the signal from the background. We follow the principle
adapted in the earlier section in finding regions where the SM samples are depleted and then computing
the ‘signal’ percent in them. The key di↵erence lies in the fact that any axis corresponds to a set
of variables. This can potentially lead to far greater discrimination betweem the � and QCD and
⌧, QCD due to the cumulative e↵ect of numerous variables.
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Figure 12: Distribution of BDT responses for di↵erent SM backgrounds under a Photon-QCD (left)

and QCD-tau (right) discrimination.

The variables chosen to construct an axes are constructed in the following way: Consider a scenario
where QCD corresponds to the ‘signal’ and ⌧ as the background. We choose variables which not only
optimises separation between these two samples but also pushes the e, � samples to be ⌧ like. In
addition we also allow for the possibility of any new physics to be ⌧ like and hence away from QCD.
Denoting it as the X, axes QCD is peaked close at x = 1 while the others are close x = �1. The
variables chosen to optimise the separation are ⌧31, ECF2 and c2. All samples, including possible new
physics e↵ects now lie at x = �1.

In order to separate the e, � samples we open up an other axes, say Y , which is constructed to
separate e, � from QCD with the former being treated ‘signal’ like. This serves to move e, � and to
a lesser extent ⌧ away from x = �1 along the Y axis. With the introduction of the new axis the
co-ordinates for e, � in this plane becomes (1,-1) and that for QCD is (1,-1). Fig. 13 gives a schematic
of this two dimensional plane.

It is important to note that ⌧ will be smeared towards the e, � along the Y axis and will have an
overlap with QCD on the X axis. We now construct a circle whose origin is defined as follows:

x0 = Peak of the response distribution for the e sample

y0 = Peak of the response distribution for the QCD sample (5.1)

and define a distance function as

R2 = (x� x0)
2 + (y � y0)

2 (5.2)

where (x, y) for corresponds to the response for a given event of a sample under the MVA. It is easy
to see that since the SM samples are more likely to lie towards the surface of the circle whose radius
is

p
2. They typically poupulate the space between R0 < R <

p
2 leaving the region in the middle

of circle mostly unoccupied. R0 is typically chosen such that the SM samples start depleting rapidly
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Figure 13: Schematic plot of a multivariate analysis where all samples can be represented on a given

2D plane.

for R < R0. Fig. ??, shows distribution of R defined in Eq.5.2 for each signal topology plotted
against all the SM background. The distribution reflects the schematic discussed in Fig. 13 where
most of the SM is populated in the region R0 < R <

p
2 leaving the region R < R0 predominantly

unoccupied. Our construction pushes any-non standard phenomenon in this region, therby presenting
an indubitable zone to find smoking gun signatures. The analysis can be optimised by segragating it
into di↵erent track branches as earlier and choice of R0 may vary from one track branch to another.
Table 4 gives the remnant percentage for all the samples (including the signal) after the cuts on R

have been imposed. Comparaing with the analysis in Table ??, usage of di↵erent subtructure variables
have now been replaced by a cut on a single variable R irrespective of the type of SM sample. This
not only gives a unified elegant description but is helpful in improving the results substantially.

The biggest improvement is the in percentage of Di-tau sample for the same level of QCD. We note
an improvement of over 100% for the Ditau check this over the standandard cut based approach.
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A Event Simulation

In this section we outline the details of the simulation and the basic cuts to which all the samples were
subjected.
1. The SM samples were generated using PYTHIA. Since we are interested in scenarios where the SM
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Figure 15: Distribution of R defined in Eq. 5.2 for the signal and di↵erent SM backgrounds for

NT = 2 (upper panel) and NT = 0 (lower panel).

showering and hadronization were performed using PYTHIA (version x.x.x).

2. The e�ciency of the analysis is validated by providing a semi-realistic detector simulations
using DELPHES. After the showering and hadronization, the PYTHIA output for both the ‘signal’ and
the background events are passed to DELPHES (version x.x.x) using the CMS card. We only extract
the track and the tower four-vectors from the DELPHES output and additional components like jets are
not used. We accept calorimeter Tower elements with Eecal > 0.1 GeV and Ehcal > 0.5 GeV. The
Tower and Track elements are then been passed to FASTJET (version x.x.x) for clustering using jet
radius R = 0.4 and anti� kT jet clustering algorithm. To avoid overcounting, all track four momenta
are scaled by an arbitary small number ✏ = 10�5. As a result the track elements do not contribute to
the jet energy. Jets with pseudo-rapidity |⌘| < 2.5 and minimum transverse momentum pT > 50 GeV
are selected, while focussing only the leading jet in each event. For our ‘signal’ events we demand
that the leading jet contains two photons or two electron or two taus for the di-samples, while for the
backgounds (with the execption of QCD) the leading jet contains only a single photon or electron or
a tau candidate. Information about pileup to be added

3. Finally, we comment on the possibility of a photon event being registered in the tracker owing
to photon conversion to e+e� pairs. This is dependent on whether the photon converts before or after
exiting the pixel detector, with the photon event being registered in the tracker in the former case.
Usually the photon conversion probability depends on the number of radiation lengths (n) a photon
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