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4 Higgs production at large transverse momentum

The HL and HE LHC upgrades would allow for in-depth analyses of the high-pt tail of the Higgs boson
transverse momentum distribution. This region is particularly interesting as it is very sensitive to BSM
physics in the Higgs sector. For example, measurements in the boosted region would allow one to lift
the degeneracy between ggH and ttH couplings, and in general probe the internal structure of the ggH

interaction.
We first present results for the 13 TeV LHC. In Fig. 2(left) we show the cumulative Higgs trans-

verse momentum distribution, defined as
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for the main production channels. The ggF prediction is obtained by rescaling the exact NLO [48,
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Fig. 2: Boosted Higgs prediction at the 13-TeV LHC. Left: cumulative transverse momentum distribution. Right:
relative importance of different production mechanisms. See text for details.

49] with the NNLO K�factor in the mt ! 1 approximation [50–52], and it does not contain EW
corrections. The VBF prediction includes NNLO QCD and NLO EW corrections, while the VH and
tt̄H predictions include NLO QCD and EW corrections [14, 53–56]. For ggF , the factorization and
renormalization scales are chosen to be µ
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In Fig. 2(right), we show the relative importance of the different production mechanisms.3 As it
is well known, at high pt the ggF channel becomes somewhat less dominant. Still, radiative corrections
strongly enhance this channel, which remains the dominant one in the TeV region. A very similar picture
is expected for the HL-LHC.

Figs. 3 and 4 show similar predictions for the HE-LHC. In Fig. 3, all predictions are LO. At
high pt, the ggF channel become subdominant compared to the other ones. VBF becomes the dominant
channel around pt ⇠ 1 TeV, and VH around pt ⇠ 2 TeV. In the TeV region, the tt̄H channel becomes
larger than ggF .

3 The small feature around pt ⇠ 750 GeV in the ggF channel is due to lack of statistics in the theoretical simulation and it
is not a genuine physical feature.
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Towards Dynamics of the Higgs Boson

￼2

• Shifting interest from static (inclusive cross section, couplings, …) to 

dynamic properties of the Higgs boson


• Large dynamic range yet to explore for Higgs production in pTH, m(H+X), …


• New opportunities for reduction of systematic uncertainties (e.g. the 

higher pTH, the smaller the n. of events produced)


• Different hierarchy of production modes


• All production modes contribute ~equally, close to TeV scale 

• Indirect sensitivity to Beyond-Standard-Model effects at large Q2


• Complementary to Q~mH precision studies


• Sensitivity to New Physics (NP) enhanced approximately ∝pTH/v
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Production at High pTH & New Physics

￼3

• Decay channels other than bb(BR~58%) and 

specific production modes signatures (e.g. V(-

>ll,lv,vv)H) are pure


• But limited pTH reach -> inclusive H->bb to 

access higher portion of the pTH spectrum


• At high pTH, can resolve loop-induced 

contributions to ggF from new particles


• Effective ggH vertex at low energy


• EFT: effects at high pTH enhanced by powers of E/Λ

New business: boosted H Ñ bb

Plans to study several aspects of the search for boosted H Ñ bb (+ ISR) production, nicely
introduced by Jake last week:

Phenomenology

Impact of EFT operators on the Higgs pT spectrum

EFT –Ñ MSSM matching in a high-mass scenario

Analysis optimization

Object and event selection

Fit strategy

Combined Performance (CP) work

b-tagging and tracking in dense environments

5

Figure 3: Sample one-loop Feynman diagrams contributing to the Higgs and Higgs-jet production. On the top we display
the NLO real corrections and on the bottom the virtual contributions.

Above this energy scale the e�ective and full theory start to visibly diverge. Looking at the jet multiplicities
we confirm that this e�ect is driven by Higgs production with two jets, where the top mass e�ects are not only
larger than in the one-jet process relative to the respective cross section, but also larger in absolute terms [24].
In the lower panels of Fig. 2 we see that the top mass e�ects lead to contributions as large as a factor four in the
rate at transverse momenta of 600 GeV�. Another remarkable feature which we observe in Fig. 2 is that the top
mass e�ects factorize: the full top mass dependence provides the same pT,H -dependent correction factor for each
jet bin, and consequently for the merged result. Finally, the lower panels of Fig 2 indicate that an experimental
analysis including systematic and theoretical uncertainties can rely on the range pT,H < mt as a safe reference
region, searching for a distinct turn-over in the distribution around pT,H = mt.

This observed factorization at leading order strengthens the basic assumption underlying our precision study,
namely that top mass e�ects in Higgs production are fully associated with the hard process. This is know to
not apply to bottom mass e�ect, which we assume to be small and not critical for the phase space regions we
consider [49]. Hence, we can use the Sherpa results in the low-energy limit and reweight them on an event-by-
event basis with the corresponding heavy-quark matrix element.

The Meps@Nlo algorithm [38] for multi-jet merging of NLO matrix elements can be viewed, intuitively,
as stacking towers of individual Mc@Nlo simulations [42] on top of each other, without a double counting of
emissions. The only subtlety in the Sherpa implementation [43] is that the actual implementation of the Mc@Nlo
algorithm has been slightly changed to also include sub–leading color e�ects in the Sudakov form factor. To see
in more detail how this works at NLO, let us consider the structure of the S-Mc@Nlo cross section (including
the first emission)

d�S-Mc@Nlo = d�n

�
B + V +

�
d�1 D

� �
�(t0) +

�
d�1

D
B �(t)

�
+ d�n+1

�
R � D

�
, (6)

where B, V and R denote the Born, virtual and real emission contributions associated with the n and n+1 particle
phase space integrals. The S-Mc@Nlo resummation kernel D = �B�K is constructed from a color-correlated and
spin-correlated Born matrix element �B and a suitable splitting function K [42, 50]. By construction, D coincides
with the real emission matrix element in the soft and/or collinear limit. Note that in S-Mc@Nlo the ratio D/B
also constitutes the kernel of the Sudakov form factor for the first emission, in di�erence to the original Mc@Nlo
method.

In a second step we reweight all tree-level matrix elements in the low-energy limit with their full loop coun-

terparts. This gives rise to correction factors r(n)
t defined in Eq.(4) modifying the merged rate prediction in

� The size of these e�ects suggest that for any strongly boosted Higgs analysis a proper modelling of the top mass e�ects is of vital
importance.
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Chapter 2 The Standard Model of particle physics

presence of new heavy particles carrying electric or colour charge, or both, would significantly change
the structure of such loop corrections.

To include the mass of "weak-isospin-up-type" fermions (u, c, t) one has to repeat the procedure
starting from a doublet �� = i�2� which introduces the neutral component as the "weak-isospin-up-
type" scalar field. The exact same results can then be derived and one finds:

LYukawa = �v Cf�
2

�L �R �
Cf�

2
�L �RH + h.c. , Cf =

�
2mf

v
(1.29)

1.3. The Higgs boson searches and its discovery
The importance of the Higgs mechanism is clear from section 1.2.4. A huge effort is done to search
for the Higgs boson in several experiments (LEP [57], Tevatron [58] and LHC) and yet it remained
undiscovered for several decades. The discovery of a particle compatible with the Standard Model
Higgs boson in July 2012 by the ATLAS and CMS experiments at LHC is an important milestone in
the history of physics. This section reviews the discovery of this Higgs boson and the measurement of
some of its properties at the LHC experiments.

1.3.1. Higgs boson production and decay modes
A review of the different production and decay modes of the Higgs boson in a proton-proton (noted
pp in what follows) collisions is presented here. All the results presented here can be found in [59].

The production modes considered in pp collisions, such as at the LHC, are listed here in decreasing
order of production cross-section:

• Gluon fusion: The gluon fusion (noted gg � H or simply ggH), which leading order diagram is
shown in figure 1.4(a), is the leading contribution to SM Higgs boson production at LHC due to
the overwhelming presence of gluons in pp collisions. The top- and bottom-quarks are the main
contributors to the quark loop and contributions from other quarks are negligible for current
searches.

• Vector boson fusion: The leading order diagram for vector boson fusion (VBF or also noted
qqH) is shown in figure 1.4(b). Two quarks produce a vector boson V (W± or Z0) and their
fusion produces a Higgs boson. The presence of diagrams with a vertex connecting the bosons
to the Higgs boson without being in a loop is referred to as direct coupling. The direct coupling
of the Higgs boson to the vector bosons in VBF allows a direct measurement of the coupling of
the Higgs bosons to vector bosons in addition to the bosonic decays of the Higgs boson.
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• Higgs-strahlung: The Higgs-strahlung, or associated production of Higgs bosons with vector

bosons (referred to as V H processes), leading order Feynman diagrams for qq and gg initiated

processes are shown in figure 1.5. These production modes are privileged processes to study

H �
bb since they benefit from the leptonic decays of the additional vector bosons to reduce the

multi-jet background.
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• Associated production of the Higgs boson with top-quarks: Figure 1.6 shows a set of Feyn-

man diagrams for the production of a Higgs boson in association with top quarks. These dia-

grams involve direct coupling of the Higgs boson to the top quarks. Thus these are privileged

production modes for the study of the Yukawa coupling of the Higgs boson to top quarks which

is the highest Yukawa coupling in the SM. In particular, the tt̄H production (upper diagram) is

the preferred channel for the measurement of this coupling as it has a higher cross-section than

the tH processes (bottom diagrams). However, the tH processes are still important as they are

sensitive to the sign of the coupling via beyond SM effects. In the case of tHb+ j (where j stands

for one jet) production (bottom left and bottom center diagrams in figure 1.6), two production

modes of the Higgs boson are involving coupling to both W -bosons and top-quarks. Since the

final state is the same they can not be separated and the coupling to top-quarks can not be

directly accessed.
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fusion produces a Higgs boson. The presence of diagrams with a vertex connecting the bosons
to the Higgs boson without being in a loop is referred to as direct coupling. The direct coupling
of the Higgs boson to the vector bosons in VBF allows a direct measurement of the coupling of
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Figure 2.8: Feynman diagrams representing the e↵ective gluon fusion vertex ggH (left) and the e↵ective photon
vertex H�� (right).

The production of a Higgs boson in association with a pair of top quarks (the so-called tt̄H channel) is
currently the most sensitive direct way to access the top-quark Yukawa coupling. In fact, the production
cross section of tt̄H is proportional to |yt|2 at tree level (see Figure 2.5).

The ATLAS and CMS collaborations have searched for the production of tt̄H in pp collisions at the
LHC exploiting data collected at a centre-of-mass energy of 7 and 8 TeV [29–33], where most of the
sensitivity was provided by the H ! bb̄, WW⇤, ZZ⇤ and ⌧⌧ decays. The tt̄H signal strength µ, defined as
the ratio of the observed to the expected number of tt̄H events, obtained by combining ATLAS and CMS
measurements at 7 and 8 TeV yielded µtt̄H = �/�SM = 2.3+0.7

�0.6 [28]. The “excess” in this result is driven
by the multi-lepton final states.

The latest ATLAS and CMS measurements, at a centre-of-mass energy of 13 TeV, allowed, first, to
reach the evidence for [34, 35] and, more recently, the sought-after observation of tt̄H production [36,
37]. The latest combination of 7, 8 and 13 TeV data, performed by the ATLAS collaboration, led to
a measured tt̄H signal strength of µtt̄H = 1.32+0.28

�0.26 [36], where the excess is still significantly driven
by the multi-lepton channels (the latest multi-lepton combination at 13 TeV yields µtt̄H = 1.56+0.42

�0.40).
Interestingly, the latest measurement carried out by the CMS collaboration also leads to a tt̄H signal
strength above one, corresponding to µtt̄H = 1.26+0.31

�0.26 [37] (where the best-fit value from the combination
of leptonic H ! WW⇤ final states gives µtt̄H = 1.97+0.71

�0.64).
I contributed to the ATLAS search for tt̄H production in the non-resonant four-lepton final state at

13 TeV. The latest analysis, performed with a total integrated luminosity of 80 fb�1, is described in
Chapter 5.

2.5 Electroweak vacuum stability and top-quark Yukawa coupling

As soon as radiative corrections are included, all SM couplings and fields undergo an evolution, called
renormalisation group (RG) evolution, up to an energy scale⇤, where the theory may become theoretically
inconsistent or contradict some observations. The most interesting parameter9 turns out to be the Higgs-
boson self-coupling constant, � = M2

H
2v2 , introduced in Section 2.3. The RG evolution of the Higgs-boson

self-coupling constant shows a dependence on the logarithm of the squared energy scale (µ2) [38]. Since
the Higgs-boson coupling is proportional to the mass of the interacting particle, only loops involving

9 The only other problematic parameter is the U(1) hypercharge which develops a Landau pole, but only at an energy scale
significantly exceeding the Planck mass.
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1.3 Theories for physics beyond the standard model
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Figure 1.5 – 95 % exclusion limits for di-jet analyses searching for a Z’ DM mediator. gq
represents the coupling between the Z’ and the SM particles. In order to explore large mass
ranges, many different experimental techniques needs to be explored [25]. For this thesis,
two analyses at the edges of the spectrum will be presented: a boosted analysis where the
Z’ recoils against an ISR particle used for triggering and a search for a massive Z’ where
the lower mass bound is dictated by trigger requirements. Both analyses look for pairs of
bottom quarks in the final states.

gluon-gluon fusion process allows one to indirectly probe the t-H interactions via quan-
tum loops. In fact when the initial radiation carries away a large amount of energy and
boosts the Higgs boson, the process effectively probes the ultraviolet structure of the
top loop. This effect is particularly relevant within the context of SMEFT, where the
SM is expanded by means of an effective field theory. The general idea is that the SM
Lagrangian is expanded using effective operators with dimensions higher than 4 [19]:

Leff = LSM +
X

i

ci

⇤2
Oi + higher dimensional operators (1.28)

recently a NLL3+NLO calculation of the high-pT cross-section of the ggF produc-
tion mechanisms, including the effect of dimensions six operators, has been computed
[27]. Three main coefficients acting on dimension six operators have been studied: cg ,
ct and cb. The first coupling represents a deviation from the gluon-top vertex entering

3NLL stands for next-to-leading log, a formalism used to compute emissions during parton shower.
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(a) (b)

Figure 3: Higgs transverse-momentum spectrum in the SM (black, solid) compared to separate
variations of the dimension-six operators for (a) 0GeV pT  400GeV and (b) 400GeV pT 
800GeV. The lower frame shows the ratio with respect to the SM prediction. The shaded band in
the ratio indicates the uncertainty due to scale variations. See text for more details.
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Figure 4: Higgs transverse-momentum spectrum in the SM (black, solid) compared to simultaneous
variations of ct and cg for (a) 0GeV pT  400GeV and (b) 400GeV pT  800GeV. The lower
frame shows the ratio with respect to the SM prediction. The shaded band in the ratio indicates
the uncertainty due to scale variations. See text for more details.
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Fig. 3 Generic diagrams induced by the chromomagnetic operator O3

The contributing generic SM diagrams are shown in Fig. 1.
The contribution from the modified Yukawa coupling can

be straightforwardly obtained by rescaling the SM result. The
effective Higgs-gluon coupling gives rise to the diagrams in
Fig. 2. When considering the insertion of the chromomag-
netic operator we obtain 54 additional diagrams (see Fig. 3)
out of which just 2 types are topologically equivalent to the
SM ones.

The amplitude can be cast into the form

Tgg→gH (p1, p2, p3)

= ig3
Sm

4
H

12π2v
fabcMµνρ

gg→gH εµ(p1)εν(p2)ε
∗
ρ(p3), (15)

where ε(pi ) are the gluon polarisation vectors. The amplitude
can be decomposed into four independent tensor structures
[47]

Mµνρ
gg→gH (p1, p2, p3) = F1(p1, p2, p3)Qµνρ

1

+ F2(p1, p2, p3)Qµνρ
2

+ F3(p1, p2, p3)Qµνρ
3 + F4(p1, p2, p3)Qµνρ

4

(16)

where

Qµνρ
1 = pρ

1 p
µ
2 pν

3 − pν
1 p

ρ
2 p

µ
3

+ gµν[(p1 · p3)p
ρ
2 − (p2 · p3)p

ρ
1 ]

+ gµρ[(p2 · p3)pν
1 − (p1 · p2)pν

3 ]
+ gνρ[(p1 · p2)p

µ
3 − (p1 · p3)p

µ
2 ]

Qµνρ
2 = [(p2 · p3)p

ρ
1 −(p1 · p3)p

ρ
2 ]

pν
1 p

µ
2 − (p1 · p2)gµν

(p1 · p2)
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Fig. 4 Generic diagrams of the qq̄-channel diagrams in the SMEFT. The color coding is the same as in Figs. 1–3

P(3)
3 = −4ρ (2s̃ − ρ)

(s̃ − ρ)2

P(3)
4 = −8(2s̃ − ρ)

(s̃ − ρ)2

P(3)
5 = 8(2s̃ − ρ)

(s̃ − ρ)2 . (39)

Again, we finalise the results by presenting the ampli-
tude for the point-like Higgs coupling to gluons which cor-
responds to the HTL of the SM:

D(2)(p1, p2, p3) = −16 . (40)

The HTL of the relevant operators reads:

D(1) → 1
12

D(2) = −4
3

D(3) → 1
2
(1 − ln

µ2
R

m2
t
)D(2) = −8

(

1 − ln
µ2
R

m2
t

)

.

The final expression for the form factor is given by

D(p1, p2, p3)

= c1D(1)(p1, p2, p3)+ c2(µR)D(2)(p1, p2, p3)

+ Re(c3)
m2

t

v2 D(3)(p1, p2, p3) . (41)

The result for the qg channel can be obtained by crossing.
The above results allow us to obtain complete predictions

for Higgs boson production at high pT in the SMEFT. In
Ref. [42] the effects of the O1 and O2 were studied, includ-
ing the resummation of the large logarithmic contributions
at small pT , but neglecting the contribution of the chro-
momagnetic operator. We thus focus here on the effect of
the chromomagnetic operator at high pT . We consider pp
collisions at

√
s = 13 TeV and use PDF4LHC2015 NLO

Fig. 5 Impact of the chromomagnetic operator on the pT spectrum
of the Higgs boson in the region allowed by the current experimental
constraints

parton distributions [50–55]. The central value of the renor-
malization and factorization scales is fixed to µF = µR =
0.5 ×

√
m2

H + p2
T .

In Fig. 5 we show the impact of the operator O3, by con-
sidering a variation of the coefficient c3 within the range sug-
gested by the study of Ref. [56]. The pT spectrum including
the impact of the chromomagnetic operator is normalised to
the SM result. Perturbative uncertainties are estimated with
the usual 7-point scale variations. The numerical results,
obtained with a modified version of the program Higlu
[57], show that the chromomagnetic operator can signifi-
cantly affect the pT spectrum, and the effects start to exceed
the scale uncertainty of the SM result around pT ≈ 400–
500 GeV. Considering also the improvements in the theoreti-
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Experimental Toolkit

￼4

• Looking into hadronic, i.e. H->bb, Higgs decay dynamics


• Angular separation of decay products can be expressed as:

6.2 Jets reconstruction in boosted environments

R=1.0 Trimmed Calo Jet

R=0.2 Track JetR=0.2 Track Jet

C

hBeamline

Primary Vertex

BB

Figure 6.3 – Cartoon illustrating the reconstruction of a large-R jet with associated sub-jets
originating from the hadronization of two b-quarks [96].

with them. These moments, that have been successfully used in a variety of boosted
analyses, are correlated with the mass of the large-R jet itself. Given the topology of
the analysis, such a correlation may lead to instability. For instance, it was found that
the assumption of a falling QCD mass spectrum was not respected in case a cut on one
of the large-R jet moments was employed. Dedicated algorithms have been proposed
to de-correlate the mass of the large-R jets with the other moments [95]. However, it
was found that the sensitivity to the boosted Higgs boson signal was not significantly
improved by using these techniques and thus no cuts on sub-structure variables were
used. In this analysis, the particle multiplicities expected in the boosted decay of the
Higgs boson or the DM signals are determined using the number of track-jets associ-
ated with the large-R jet. This reduces the additional discrimination power when using
substructure variables. However, it should still be possible to exploit the expected dif-
ferent color-flow connections when comparing g ! bb̄ with QCD singlet states such
as Z, H, Z 0

! bb̄ decays. In future iterations of the analysis, it may be interesting to
further investigate this feature.

6.2.2 b-tagging in boosted environment: VR sub-jets
As already mentioned, the large-R jet was used to extract the kinematic information of
the jet such as its mass and transverse momentum. The leading and sub-leaging track-
jets associated with it were required to be identified ad originated by b-quarks. Track-
jets are built with the anti-kt algorithm using the tracks associated with the primary
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Figure 6.4 – Cartoon illustrating sub-jet reconstruction using variable radius track jets [96].

vertex as input constituents. The track-jets used in this analysis feature a variable radius
parameter. At high momentum, one would expect the jets to be more collimated as their
transverse momentum increases. A jet-collection which exploits this feature has been
implemented in the ATLAS experiment, referred to as Variable-Radius (VR) track-jets.
VR track-jets are clustered using the variable-radius jet algorithm [96]. Since the pT of
the track jets depends on the radius itself, an iterative procedure is used until all tracks
contributing significantly to the jet-pT are included in the VR-jet and convergence is
reached. The effective radius parameter of the VR track-jet is defined as:

R(pT ) =
⇢

pT

(6.3)

where ⇢ determines how fast the jet size decreases with the transverse momentum
of the jet and in the ATLAS experiment is set to 30 GeV. In addition, the VR algorithm
requires two parameters to define upper and lower bounds, Rmin and Rmax, to impose
lower and upper cuts on the jet size, respectively. The additional parameters prevent the
jets from becoming too large at low pT and from shrinking below the detector resolution
at high pT . The effective jet size varies smoothly between Rmin and Rmax. Figure
6.4 shows schematically the differences between a pair of fixed radius track-jets with
R = 0.2 and VR track-jets. In the latter case the radius is adjusted to take into account
possible differences in the pT of the heavy hadrons. The effect in term of Higgs boson-
tagging efficiency (only H ! bb̄ decays were considered for these studies) as a function
of the Higgs boson transverse momentum is shown in Figure 6.5 for different value of
Rmax. As the boost increases, the two fixed radius track-jets are merged together and
the H-tagging efficiency quickly drops. This is due to the fact that many underlying
b-tagging algorithms assume the jet axis to be the b-hadron decay length, as described
in the Chapter 4. On the other hand, VR track-jets ensure high efficiency over a broad
HpT

range.
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�R =
1p

x(1 � x)

mH

pTH

(6.1)

where x and (1 � x) are the momentum fraction carried by the two quarks. For the
decay of a Higgs boson, the two quarks are expected to have approximately the same
momentum and thus the equation simplifies to: �R ⇡ 2 mH

pTH

. For mH = 125 GeV, the
minimum transverse momentum of the Higgs boson needed to produce collimated par-
ticles within a �R of 0.5 is pTh

⇡ 500 GeV. This pT value roughly corresponds to the
point where the trigger becomes fully efficient (see section 6.5.1). It is therefore natural
to search for high energetic Higgs boson using large-R jets.

6.2.1 Large-R jet mass
The critical variable used in this analysis is the mass of the large-R jet. The mass is
calculated from the energy E and momentum ~p of its constituents:

m =

s
(
X

n

En)2 � (
X

n

~pn)2 (6.2)

Large-R jets moments, such as the mass, are in general susceptible to pile-up and
soft emissions during the hadronization process which would lead to instability in the
measurements. To cope with this fact, a set of grooming techniques have been pro-
posed in recent years [91–93]. It is worth mentioning that one of the first large-R jet
substructure definitions was introduced in 2008 to search for the Higgs boson in the
boosted topology produced in association with a vector boson [91]. Since that time,
several techniques to reconstruct the moments of the large-R jet have been employed
by the ATLAS experiment. A detailed report of the different grooming techniques and
their performance in ATLAS and CMS can be found in [94]. The trimming algorithm
was used for this analysis. Trimming is based on the assumption that the sub-jets built
from constituents corresponding to initial-state radiation and pile-up are relatively soft
with respect to the sub-jets from the hard scatter process. In the ATLAS experiment,
sub-jets are built using the kt algorithm with radius parameter R = 0.2. Sub-jets with a
transverse momentum below a certain fraction of the pT of the large-R jet are removed:
pTsub

< f · pTjet
where f is a parameter of the trimming algorithm; the typical value

used in ATLAS is 5%. Figure 6.3 shows a schematic illustration of the target topology
of the analysis featuring two sub-jets built from tracks which are associated to a trimmed
large-R jet.

A number of different jet moments can be built from the energy distribution and the
angular separation of either the constituents of the large-R jets or the sub-jets associated
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momentum fraction carried by decay products

• For Higgs decay x~0.5


• At high pTH (>250 GeV), Higgs decay products start being fully contained within ΔR=1 -> mJ~mH!


• -> Natural to use large-R calorimetric jets for high energetic H->bb production 

• Identification of decay products performed through track jets within large-R calo jet 

• Collimation depends on pT -> Variable-Radius track jets 

• b-tagging applied to 2 leading track-jets (2-prong decay structure)


• Identify bb exploiting products of b-hadronization/fragmentation


• Correct large-R jet reconstructed mass and pT by including muons from semi-leptonic b-decays

6. SEARCH FOR BOOSTED HIGGS BOSON AND OTHER RESONANCES DECAYING
INTO PAIRS OF B-QUARKS

�R =
1p

x(1 � x)

mH

pTH

(6.1)

where x and (1 � x) are the momentum fraction carried by the two quarks. For the
decay of a Higgs boson, the two quarks are expected to have approximately the same
momentum and thus the equation simplifies to: �R ⇡ 2 mH

pTH

. For mH = 125 GeV, the
minimum transverse momentum of the Higgs boson needed to produce collimated par-
ticles within a �R of 0.5 is pTh

⇡ 500 GeV. This pT value roughly corresponds to the
point where the trigger becomes fully efficient (see section 6.5.1). It is therefore natural
to search for high energetic Higgs boson using large-R jets.

6.2.1 Large-R jet mass
The critical variable used in this analysis is the mass of the large-R jet. The mass is
calculated from the energy E and momentum ~p of its constituents:

m =

s
(
X

n

En)2 � (
X

n

~pn)2 (6.2)

Large-R jets moments, such as the mass, are in general susceptible to pile-up and
soft emissions during the hadronization process which would lead to instability in the
measurements. To cope with this fact, a set of grooming techniques have been pro-
posed in recent years [91–93]. It is worth mentioning that one of the first large-R jet
substructure definitions was introduced in 2008 to search for the Higgs boson in the
boosted topology produced in association with a vector boson [91]. Since that time,
several techniques to reconstruct the moments of the large-R jet have been employed
by the ATLAS experiment. A detailed report of the different grooming techniques and
their performance in ATLAS and CMS can be found in [94]. The trimming algorithm
was used for this analysis. Trimming is based on the assumption that the sub-jets built
from constituents corresponding to initial-state radiation and pile-up are relatively soft
with respect to the sub-jets from the hard scatter process. In the ATLAS experiment,
sub-jets are built using the kt algorithm with radius parameter R = 0.2. Sub-jets with a
transverse momentum below a certain fraction of the pT of the large-R jet are removed:
pTsub

< f · pTjet
where f is a parameter of the trimming algorithm; the typical value

used in ATLAS is 5%. Figure 6.3 shows a schematic illustration of the target topology
of the analysis featuring two sub-jets built from tracks which are associated to a trimmed
large-R jet.

A number of different jet moments can be built from the energy distribution and the
angular separation of either the constituents of the large-R jets or the sub-jets associated

98

Fixed



[  Andrea Sciandra | H->bb production at high pTH with ATLAS | July, 12th 2021 ]

Event Selection & Analysis Strategy

￼5

Event selection 

• Large-R jet trigger with mass cut 


• mJ ~mX->bb and Higgs is massive!


• At least one large-R jet with pT >450 & mJ >60 GeV 

• At least 2 large-R jets with pT >200 GeV 

• High-pT back-to-back topology requires recoil jet 

• Categorization into signal regions (SR) based on b-tagging 

and large-R jet (reconstructed) pT requirements
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Figure 11: Diagram showing the event categorization criteria. The columns (rows) are divided into 4 categories:
when the leading (subleading) jet is not a candidate jet (see Section 4.2), when neither of the first two pT-ordered
track-jet is b-tagged, when one of the track-jets is b-tagged and when both track-jets are b-tagged.

Table 15: Definition of the fiducial and di�erential volumes used in the analysis categories and the processes measured.

Category p
H

T Range [GeV]

Fiducial >450
>1000

p
0
T <300

p
1
T 300–450

p
2
T 450–650

p
3
T >650

March 16, 2021 – 13:00 28

ATLAS DRAFT

Table 5: A summary of the names and definitions of the analysis regions used for the measurements. The lowest
pT bin is not populated in the leading-jet signal region. Following the definitions in Section 5.1, each SR has an
associated VR in the same kinematic region. (⇤) Jets are ordered before the muon-in-jet correction is applied.

Considered Jet Inclusive Fiducial Di�erential

Type N b-tags Order⇤ pT Range [GeV]
>250/450 >450 >1000 250–450 450–650 650–1000

Signal Regions

Candidate 2 Lead SRL SRL SRL – SRL1 SRL2
2 Sublead SRS SRS – SRS0 SRS1 SRS2

tt̄ Control Regions

J
t 1 – CRt t̄ CRt t̄ CRt t̄ CRt t̄ 0 CRt t̄ 1 CRt t̄ 2

The fiducial measurements extract the yield of events with Higgs bosons having p
H

T > 450 GeV and434

p
H

T > 1 TeV in the corresponding analysis regions, respectively. This configuration allows a straightforward435

comparison to theoretical calculations, such as those reported in Ref. [31].436

The di�erential measurement uses the analysis pT regions to count H events separately for three p
H

T437

categories, following the regions defined in the stage-1.2 STXS scheme. This configuration a�ords enhanced438

sensitivity to BSM physics e�ects. The analysis jet pT bins align well with the p
H

T -defined categories to439

maintain a low correlation between measurements. A few measurements can be motivated by the minimal440

definition of the recoil system. For example, dimension-6 EFT operators in the SILH basis [100], such as cg441

(modifies the interactions between the Higgs boson and gluons) and ctg (modifies the interactions between442

gluons and the top quark), motivate measuring tt̄H + ggF production. The enhancements corresponding to443

the cg (ctg) coe�cients can reach over 40 (15) times the SM rate for ggFproduction with p
H

T in the range of444

650–1000 GeV. In the same region, the enhancements for tt̄Hproduction are only approximately 1.05 (3.5),445

implying little sensitivity to tt̄H. The non-negligible VBF and VH production modes can also complement446

more targeted results [101–103]. Therefore, the measurements presented in this paper count all production447

modes to minimize the dependence of theoretical assumptions. Using the same category definitions,448

di�erential cross-section measurements of V+ jets production in the VRL and Z + jets production in the SR449

validate the method.450

9.1 Inclusive region451

The inclusive region yields a Higgs boson signal strength for the combination of SRL, SRS and CRt t̄452

of µ
H
= 1.1 ± 3.6. The fit �2 probability values are 0.19 and 0.77 for the SRL and SRS, respectively.453

Results are summarized in Table 6 and the yields in Table 7. The Higgs boson signal strength uncertainty454

is statistically dominated. The leading sources of systematic uncertainties are jet mass resolution and mass455

scale.456
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Table 15: Definition of the fiducial and di�erential volumes used in the analysis categories and the processes measured.

Category p
H

T Range [GeV]

Fiducial >450
>1000

p
0
T <300

p
1
T 300–450

p
2
T 450–650

p
3
T >650
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Figure 2: The post-fit CRt t̄ Jt mass distribution in the di�erent pT regions.

7.2 V+ jets production

With a decay structure and relative experimental resolution similar to that of the Higgs boson, the vector
boson mass peaks o�er a unique opportunity to validate experimental performance. Z events outnumber
H events by over a factor of 20. Experimental e�ects challenging to discern in a statistically-limited
H production measurement will be evident in the Z observation. A well-understood Z measurement is
therefore a precursor to a robust H measurement.

In the VR, W events outnumber Z events nearly three to one due to the larger cross section and comparable
acceptance. In the SR, the Z events outnumber W events over three to one due to the sizeable Z ! bb̄

branching fraction and flavor tagging requirements. The decay products of the vector boson are reconstructed
within the selected candidate jet in approximately 90% and 40% of the Z and W events in the SR. Within
the VR, over 60% of candidate jets contain the decay products of a vector boson. In the remainder, the jet
is created by the recoil activity resulting in a non-resonant mass similar to the multijet background’s shape,
which enhances the high mass tail.

As the data directly determines the Z + jets normalization, the impact of modeling systematic uncertainties
is limited to changes in acceptance. The W+ jets cross section carries a 10% uncertainty [110]. The
maximum of seven independent pairs of renormalization and factorization scale variations by factors of 0.5
and 2 corresponds to a 3–20% error on the expected acceptance. An alternate PDF set (MMHT2014nlo), ↵s
variations within the nominal PDF set, and changing the cluster fragmentation model to the Lund string
model [111] did not lead to a significant di�erences in the acceptance estimate with respect to the nominal
model.
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Figure 1: The jet mass distribution for the H, Z , W , and top-quark contributions from the SM prediction as well
as the multijet jet mass distribution extracted from data for the signal region (SR) defined by the leading (left) and
subleading (right) jets.

A few measurements can be motivated by the minimal definition of the recoil system. For example,
dimension-6 EFT operators in the SILH basis [24], such as cg (modifies the interactions between the
Higgs boson and gluons) and ctg (modifies the interactions between gluons and the top quark), motivate
measuring tt̄H + ggF production. The corresponding high-pH

T enhancements from a combination of just
these coe�cients can be within the sensitivity of this analysis without creating significant deviations from
the SM prediction at low p

H

T . However, the e�ect is not uniform in both production modes, with tt̄H being
less sensitive. Recent results on VBF production with Higgs boson decays to photons and leptons also
included high-pH

T event categories, but have limited reach [19, 22, 25–28]. The analysis of VH production
with leptonic V decays has achieved considerable sensitivity in the high p

H

T regime for a specific production
mode [29–31]. The analysis discussed here is designed to be sensitive to ggF production while including
the other main production modes. This approach enhances the sensitivity to possible BSM e�ects and
minimizes the dependence on theoretical assumptions.

The dominant background process is multijet production which exhibits a monotonically decreasing jet
mass distribution. Hadronically decaying vector bosons, produced in association with jets (V+ jets) and
events with top-quarks (tt̄, tW jointly referred to as Top) populate the mass regions below and above mH ,
respectively, as shown in Figure 1. The Z and H resonance structures are distinct from the smoothly falling
multijet background while the top-quark resonance spreads over a large portion of the high-mass region.
Therefore, the signal extraction uses the reconstructed jet mass distribution as a discriminant and an analytic
function is used to model the multijet background. The acceptance of Higgs boson, V+ jets, and Top events
is estimated from simulation. A dedicated control region is used to determine the Top yield while verifying
the mass scale and resolution of top-quark jets in a broad range of jet pT. The same is done independently
for the mass scale of jets from V decays while all multijet model parameters, the Z normalization, and the
Higgs boson normalization are entirely determined, simultaneously, directly from the signal region data.
The binned maximum-likelihood fit, referred to as the global likelihood fit, used for signal extraction, is
employed in a validation region to extract the V+ jets yield to ensure the analysis strategy is robust.

3

Background Composition & Modeling

￼6

QCD Multijet modeled with 
fully data-driven smooth 

analytical model

Top 
• Described by simulation

• Normalization and shape extracted 

from semi-leptonic ttbar dedicated 
region (>95% pure)

SRL SRS

W/Z+jets 
• Modeled by simulation

• “Standard candle” for Higgs 

extraction

• “Conspiracy” together with 

H (positively correlated)

• Mostly Z+jets (double b-tagging)

• Width extracted from dedicated 

W-enriched region
Higgs signal =      

ggF + VBF + VH + ttH

Full control of peak position and 
width is key to resonances fitted on top 

of free-shape large background
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• Do not rely on simulation for the modeling of Multijet mass 

shape and normalization


• Main background estimated by means of a functional-form 

fit to data in the region of interest


• How many parameters? The choice depends on luminosity 

and it is a trade-off


• Too few: not a good description of QCD


• Too many: ‘eat’ resonances and significance 

• Fix and validate QCD modeling by means of studies in 

dedicated anti-tagged regions, fairly representing SRL/S 

statistics, mJ & pT spectra (~x50-60)

N = 4, 5

February 5, 2020HSG5 Meeting11

● Using exponentiated polynomial as the fit model

● What order of polynomial to use?
● Too few coe�icients: not a very good fit
● Too many coe�icients: larger statistical uncertainty and can overfit

● Choice depends on luminosity
● Large statistical uncertainty allows for less flexible models

QCD Fit Model

Residuals aBer example fit to a VRLinc slice.

n=2 n=3 n=4

ATLAS DRAFT

Figure 98: Statistical error on the extracted µH value as a function of the order N of the polynomial for the fit of the
VR data slices of the leading and subleading jet categories.

8th February 2020 – 00:04 126

ATLAS DRAFT

 [GeV]
T

Large-R jet p
200 400 600 800 1000 1200

R
ec

on
st

ru
ct

ed
 P

ea
k 

W
id

th
 [G

eV
]

2
4
6
8

10
12
14
16
18
20

ttWCR W+Z VRL Fit

ATLAS Internal
-1= 13 TeV, 136 fbs

Figure 4: A summary of the Z and W resonance peak reconstructed width measurements as a function of the jet pT
using the resolved W in top-quark decays in the WCRt t̄ region and the combined W and Z mass in the validation
region. The horizontal bars cover the jet pT range used for the corresponding point and the points are centered at the
average jet pT in the same range. The continuous black curve is a fit to the measurements with resultant errors shown
as a dark grey band.

7.3 Multijet production361

An exponential of polynomial functions is used to model the multijet contribution362
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N’
i=1
✓ix
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!
, (1)

where x = (mJ �140 GeV)/70 GeV and ✓i are the parameters of the fit. Parameter values are independently363

determined in each region simultaneously with the signal extraction. The optimal degree of the polynomial364

function, N in Equation 1, depends on the mass shape and number of events analyzed. The VRS (VRL)365

contains 51 (58) times the amount of SRS (SRL) data. Therefore, ‘ensemble tests’ using modified VR366

subsets with roughly the same number of events as the corresponding SR, referred to as hybrid VR slices367

(VRhyb), are used to determine N .368

The hybrid VR is the best available proxy for the SR. It is defined by replacing the VR resonance peaks with369

the SM prediction from the SR and correcting the underlying multijet shape for SR acceptance e�ects. The370

following procedure for determining the resonance and multijet shape in the VR and SR data is used. The371

VR multijet estimate (MJVR) is created from the average of the multijet model parameter values obtained372

from likelihood fits to ten3 random, orthogonal subsets of the VR including all experimental and modeling373

systematic uncertainties. The input tt̄ normalization and associated uncertainty are set to representative374

values from the CRt t̄ . The VR V+ jets and tt̄ estimates (VVR and tt̄VR) are created from the average post-fit375

V+ jets and tt̄ contributions from the same ten fits to the VR. The SR multijet estimate (MJSR) is obtained376

from a global likelihood fit to the SR. The ratio of MJSRover MJVRdefines the acceptance di�erences377

3 Ten subsets balance the statistical precision with the need to use greater values of N needed to model a larger dataset.
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Figure 4: A summary of the Z and W resonance peak reconstructed width measurements as a function of the jet pT
using the resolved W in top-quark decays in the WCRt t̄ region and the combined W and Z mass in the validation
region. The horizontal bars cover the jet pT range used for the corresponding point and the points are centered at the
average jet pT in the same range. The continuous black curve is a fit to the measurements with resultant errors shown
as a dark grey band.
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Boosted H->bb Analysis Results

￼8

• Fiducial pTH > 450 GeV H->bb 
extraction

• H cross section in a well-defined 

phase-space volume (pTH >450 GeV 
& |η|<2)


• Fairly flat A x ε, useful to theory 
community

• Differential (pT) Z->bb measurement

• Unique sensitivity to boosted production 

of hadronically-decaying Z 
• Combined extraction of Z pT spectrum 

using same machinery as for H 
• Predictions at NNLO QCD + NLO EW

• Differential (pT) H->bb extraction

• Extraction of H yield in bins of pTH from 

reco-pT-binned SRs


• Accounting for pTH vs. pT migrations 
due to limited resolution


• Sensitivity to EFT operators at high 
pT

• Fiducial pTH > 1 TeV H->bb extraction

• Probe Higgs production & potential 

large cross-section enhancement 
at very high pTH 

95% CL limits on Higgs production rates

Cross-section results
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Z(->bb)+j Differential Extraction
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(a) V+ jets in VRL
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(b) Z + jets in SR

Figure 8: Comparison of di�erential fit signal strengths for V+ jets in the VRL (a) and Z + jets in the SR (b). The
signal strength is calculated with respect to the prediction at NLO QCD and LO EW accuracy. They are compared to
the NLO EW correction provided by S�����, the NNLO QCD correction provided by the NNLOJET group, and their
product. The Higgs boson yields are kept fixed to the SM expectation when extracting the Z + jets signal strength
within the fiducial volumes.

Table 11: Expected and observed values of the signal strengths for the H, Z , and tt̄ components in the di�erential
fits. The value for µH refers to a fiducial p

H

T volume, while those for µZ and µt t̄ pertain to the corresponding jet pT
regions. The values of µt t̄ obtained are in agreement with unfolded measurements of tt̄ events in a similar kinematic
phase-space [118].

p
H

T [GeV] µH
Exp. Obs.

300–450 1 ± 18 ≠7 ± 17
450–650 1.0 ± 3.3 ≠2.9 ± 4.7
>650 1.0 ± 6.3 4.8 ± 6.4

Jet pT [GeV] µZ µt t̄
Exp. Obs. Exp. Obs.

250–450 1.00 ± 1.11 1.77 ± 1.13 1.00 ± 0.07 0.87 ± 0.06
450–650 1.00 ± 0.17 1.28 ± 0.22 1.00 ± 0.07 0.76 ± 0.06
650–1000 1.00 ± 0.33 1.34 ± 0.42 1.00 ± 0.09 0.74 ± 0.07

The tt̄ modeling systematic uncertainties are more relevant in the first jet pT bin and decrease above
450 GeV, where the top-quark decay products become more collimated thus reducing the contamination
around the Higgs boson mass peak.

23

• Results fully compatible with SM 

• Trend following negative pT-dependent NLO EW corrections?


• Interesting excess overall, not observed in W-dominated anti-tagged region: something 
to learn with b-tagging efficiency in boosted environment?

3.3σ -> evidence 
for the production 

of Z->bb with 
pTZ>650 GeV
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Signal acceptance x efficiency for 
fiducial extractions


Fiducial pTH > 450 GeV & 1 TeV Fit - Results

ATLAS DRAFT

Table 9: Signal acceptance times e�ciency for the signal regions in the fiducial measurements.

Process p
H

T > 450 GeV p
H

T > 1 TeV

All 0.25 0.18

ggF 0.26 0.22
VH 0.27 0.19
V BF 0.22 0.15
ttH 0.20 0.16

This procedure is first tested with W ! qq
0 and Z ! qq̄ in the VR and Z ! bb̄ in the SR. For these tests,475

the V and Z mass templates are structured similarly to those of the Higgs boson decribed above. The476

Higgs boson yields are kept fixed to the SM expectations in the fit. In the VR, the fitted signal strengths for477

V+ jets with p
V

T > 450 GeV and 1 TeV are µV = 1.01 ± 0.09 and 1.56 ± 0.50, respectively. In the SR, the478

µZ values for Z events with p
Z

T > 450 GeV and 1 TeV are 1.35 ± 0.23 and 1.8 ± 1.4, respectively. These479

results are in agreement with the SM.480

When extracting the Higgs boson signal strength, the likelihood fit result for p
H

T > 450 GeV provides a481

signal strength of µ
H
= 0.7 ± 3.3 and for p

H

T > 1 TeV gives µ
H
= 26 ± 31. These yields correspond to482

Higgs boson production cross section values in the fiducial region of483

�H (pH

T > 450 GeV) = 13 ± 52 (stat.) ± 32 (syst.) ± 3 (theory) fb484

�H (pH

T > 1 TeV) = 3.4 ± 3.9 (stat.) ± 1.0 (syst.) ± 0.8 (theory) fb,485

and 95% confidence Level (CL) upper limits of486

�H (pH

T > 450 GeV) < 144 fb487

�H (pH

T > 1 TeV) < 10.3 fb.488

The post-fit SRL and SRS jet mass distributions are shown in Figure 6. Results are summarised in Table 10.489

The uncertainties are statistically dominated. The contributions of the main categories of systematic490

uncertainties are given in Table 11. The jet uncertainties give the largest contribution, driven by the JMS491

e�ects at lower pT and by JMR above 1 TeV where the constraints are looser due to the extrapolation492

uncertainties (see Figure 4). Similarly, the flavour tagging uncertainties increase above 1 TeV due to the493

extrapolation from the pT range of the calibration regions.494
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Table 10: Expected and observed values of the signal strengths for the H, Z , and tt̄ components in the fiducial fits.
The value for µ

H
refers to the fiducial volume |⌘H | < 2.0, p

H

T > 450 GeV and p
H

T > 1 TeV, while those for µ
Z

and
µ
t t̄

pertain to regions of jet pT above 450 GeV and 1 TeV. The values of µ
t t̄

obtained are in agreement with unfolded
measurements of tt̄ events in a similar kinematic phase-space [104].

p
H

T /Jet pT
µ
H

µ
Z

µ
t t̄

Exp. Obs. Exp. Obs. Exp. Obs.

> 450 GeV 1.0 ± 3.3 0.7 ± 3.3 1.00 ± 0.18 1.27 ± 0.22 1.00 ± 0.07 0.81 ± 0.06
> 1 TeV 1.0 ± 29.0 26 ± 31 1.0 ± 1.6 2.4 ± 1.7 1.0 ± 0.3 0.51 ± 0.19

Table 11: Contributions to the systematic uncertainties for the fiducial signal strength measurements. The total
uncertainty is also given for comparison.

Uncertainty Contribution p
H

T > 450 GeV p
H

T > 1 TeV

Total 3.3 31

Statistical 2.8 30

Jet Systematics 1.2 7
Modeling and Theory Systs. 1.0 1
Flavor Tagging Systs. 0.5 3
Total Systematics 1.7 8
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Table 7: Expected and observed values of the signal strengths for the H, Z and tt̄ components in the inclusive
fit. The values of µ

t t̄
obtained are in agreement with unfolded measurements of tt̄ events in a similar kinematic

phase-space [104].

Result µ
H

µ
Z

µ
t t̄

Expected 1.0 ± 3.0 1.00 ± 0.17 1.00 ± 0.07
Observed 1.1 ± 3.6 1.25 ± 0.22 0.81 ± 0.06

Table 8: Event yields and associated uncertainties after the global likelihood fit in the inclusive region.

Process SRL SRS CRt t̄

Multijet 591 400 ± 4200 530 000 ± 3500 –
Z + jets 15 900 ± 2700 11 800 ± 2000 –
W+ jets 3070 ± 700 2520 ± 500 –
Top 15 700 ± 1900 15 300 ± 2000 3740 ± 70
W(`⌫) – – 50 ± 1
H 500 ± 1800 400 ± 1400 –

Total 626 530 ± 870 560 090 ± 810 3800 ± 65

Data 626 532 560 083 3791

is statistically dominated. The leading sources of systematic uncertainties are jet mass resolution and mass458

scale.459

9.2 Fiducial pHT > 450 GeV and p
H

T > 1 TeV regions460

The two fiducial regions determine the Higgs boson yield and cross section in the phase space defined by the461

Higgs boson pseudo-rapidity range |⌘H | < 2.0 and transverse momentum p
H

T > 450 GeV and p
H

T > 1 TeV.462

Compared to the inclusive measurement discussed above, the fiducial region for p
H

T > 450 GeV does not463

include the SRS region below 450 GeV. The p
H

T > 1 TeV region probes a new domain of highly boosted Z464

and Higgs boson reconstruction. Since the expected sensitivity in the SRS above 1 TeV is marginal as465

the muon-in-jet correction and b-tagging turn-on e�ects are more significant compared to the SRL, the466

measurement above 1 TeV is based only on the SRL and CRt t̄ regions. The acceptance times e�ciency467

values for the di�erent SM Higgs boson production processes are given in Table 9.468

Two Higgs boson mass templates are used in the fiducial fits. The first describes the mass distribution of469

events with signal jet and Higgs boson pT above the cut of choice; the second those with signal jet above470

the pT cut but Higgs boson pT below it. The first component accounts for more than 80% (70%) of the471

Higgs boson signal selected by the 450 GeV (1 TeV) jet pT cut and the yield is left free in the fit, while the472

second is constrained to the SM value within the theoretical and experimental uncertainties. The later473

contribution also tends to have a broader mass spectrum shifted to higher values.474
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Figure 6: Post-fit signal jet mass distributions with the various component for the fiducial regions with p
H

T > 450 GeV
in the SRL (left) and SRS (middle) as well as with p

H

T > 1 TeV in the SRL (right) shown in 10 GeV bins. The middle
panels show the distributions after subtraction of the multijet distribution. The shaded areas indicate the 68% CL for
the multijet background from the fitted parameters and normalizations of the exponential polynomials. The lower
panels show the distributions after subtraction of the fitted background processes: multijet, V+ jets and Top. The
shaded areas indicate the 68% CL for all background processes. Contributions below 0.5 per mille of the total yield
are not shown.
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Figure 6: Post-fit signal jet mass distributions with the various component for the fiducial regions with p
H

T > 450 GeV
in the SRL (left) and SRS (middle) as well as with p

H

T > 1 TeV in the SRL (right) shown in 10 GeV bins. The middle
panels show the distributions after subtraction of the multijet distribution. The shaded areas indicate the 68% CL for
the multijet background from the fitted parameters and normalizations of the exponential polynomials. The lower
panels show the distributions after subtraction of the fitted background processes: multijet, V+ jets and Top. The
shaded areas indicate the 68% CL for all background processes. Contributions below 0.5 per mille of the total yield
are not shown.
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9.3 Di�erential regions

The di�erential regions aim to measure the di�erential spectrum of the Higgs boson transverse momentum,
where possible deviations from the SM predictions could manifest with an amplitude increasing with
p
H

T . Extending the procedure adopted for the fiducial measurements, several Higgs boson mass templates
corresponding to same jet pT but di�erent p

H

T ranges are used in the fits. Figure 7 presents the expected
signal yield in each reconstructed-event category for each fiducial volume and the corresponding fraction
of signal events.
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Figure 7: For each of the di�erential regions, the expected signal event yield for all Higgs boson events (left) and the
fraction of signal in percent (right) in each reconstructed region vs. the di�erential fiducial volumes.

The procedure is tested with W ! qq
0 and Z ! qq̄ in the VR and Z ! bb̄ in the SR. The VR o�ers a

sample with larger statistics although lower signal-to-background ratio. For the di�erential V+ jets analysis,
the VRL is divided in five slices, the fit performed independently on each slice and the results combined.
In the SR the di�erential Z fit is performed to the SRL, SRS, and CRt t̄ regions with the Higgs boson
contribution fixed to the SM prediction. Results of the two fits are shown in Figure 8 where they are
compared to the predictions for the EW NLO and QCD NNLO corrections as a function of reconstructed
p
V

T . Both results agree with SM expectations.

To extract the Higgs boson signal strength, eight di�erential SR and CR regions defined in Table 2 are
simultaneously fitted exploiting the corresponding systematic configurations shown in Table 5. Results are
summarized in Tables 11 and 12. The three Higgs boson signal strengths are compatible with a p-value of
0.56. The post-fit jet mass distribution from the most sensitive category in each jet pT bin is shown in
Figure 9.

The acceptance times e�ciency values for the di�erent Higgs boson production processes are given in
Table 13. The resulting Higgs boson production cross section for p

H

T > 650 GeV is 13 ± 16 (stat.) ±
7 (syst.) ± 3 (theory) fb. The di�erential results correspond to the following 95% CL upper limits on the
Higgs boson di�erential production cross sections:

�H (300 < p
H

T < 450 GeV) < 2.8 pb,
�H (450 < p

H

T < 650 GeV) < 91 fb,
�H (pH

T > 650 GeV) < 40.5 fb.

The uncertainties are statistically dominated. The contributions of the main categories of systematic
uncertainties are summarized in Table 14.
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9.3 Di�erential regions495

The di�erential regions aim to measure the di�erential spectrum of the Higgs boson transverse momentum,496

where possible deviations from the SM predictions could manifest with an amplitude increasing with497

p
H

T . Extending the procedure adopted for the fiducial measurements, several Higgs boson mass templates498

corresponding to same jet pT but di�erent p
H

T ranges are used in the fits. Figure 7 presents the signal yield499

in each reconstructed-event category for each fiducial volume and the corresponding fraction of signal500

events.501
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Figure 7: For each of the di�erential regions, the expected signal event yield for all Higgs boson events (a) and the
fraction of signal in percent (b) in each reconstructed region vs. the di�erential fiducial volumes.

The procedure is tested with W ! qq
0 and Z ! qq̄ in the VR and Z ! bb̄ in the SR. The VR o�ers a502

sample with larger statistics although lower signal-to-background ratio. For the di�erential V+ jets analysis,503

the VRL is divided in five slices, the fit performed independently on each slice and the results combined.504

In the SR the di�erential Z fit is performed to the SRL, SRS, and CRt t̄ regions with the Higgs boson505

contribution fixed to the SM prediction. Results of the two fits are shown in Figure 8 where they are506

compared to the predictions for the EW NLO and QCD NNLO corrections as a function of reconstructed507

p
V

T . Both results agree with SM expectations.508

To extract the Higgs boson signal strength, eight di�erential SR and CR regions defined in Table 6 are509

simultaneously fitted exploiting the corresponding systematic configurations shown in Table 5. Results are510

summarised in Table 12 and 13. The three Higgs boson signal strengths are compatible with a p-value of511

0.56.512

The post-fit jet mass distribution from the most sensitive category in each jet pT bin is shown in Figure 9.513

The acceptance times e�ciency values for the di�erent Higgs boson production processes are given in514

Table 14. The resulting Higgs boson production cross section for p
H

T > 650 GeV is 13 ± 16 (stat.) ±515

7 (syst.) ± 3 (theory) fb. The di�erential results correspond to the following 95% CL upper limits on the516

Higgs boson di�erential production cross sections:517

�H (300 < p
H

T < 450 GeV) < 2.8 pb518

�H (450 < p
H

T < 650 GeV) < 91 fb519

�H (pH

T > 650 GeV) < 40.5 fb.520
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Table 12: Expected and observed values of the signal strengths for the H, Z , and tt̄ components in the di�erential
fits. The value for µ

H
refers to a fiducial p

H

T volume, while those for µ
Z

and µ
t t̄

pertain to the corresponding jet pT
regions. The values of µ

t t̄
obtained are in agreement with unfolded measurements of tt̄ events in a similar kinematic

phase-space [104].

p
H

T [GeV] µ
H

Exp. Obs.

300–450 1 ± 18 ≠7 ± 17
450–650 1.0 ± 3.3 ≠2.9 ± 4.7
>650 1.0 ± 6.3 4.8 ± 6.4

Jet pT [GeV] µ
Z

µ
t t̄

Exp. Obs. Exp. Obs.

250–450 1.00 ± 1.11 1.77 ± 1.13 1.00 ± 0.07 0.87 ± 0.06
450–650 1.00 ± 0.17 1.28 ± 0.22 1.00 ± 0.07 0.76 ± 0.06
>650 1.00 ± 0.33 1.34 ± 0.42 1.00 ± 0.09 0.74 ± 0.07

Table 13: Correlations amongst the three Higgs boson signal strengths and between the three Higgs boson and Z + jets
signal strengths. The Higgs boson signal strengths µ

H
are labeled with the corresponding p

H

T range as a superscript.
The Z + jets signal strengths µ

Z
are labeled with the corresponding region name as a superscript, where SRi refers to

SRLi and SRSi.

µ300�450
H

µ450�650
H

µ>650
H

µ300�450
H

1.00 ≠0.18 0.07
µ450�650
H

≠0.18 1.00 ≠0.05
µ>650
H

0.07 ≠0.05 1.00

µSRS0
Z

µSR1
Z

µSR2
Z

µ300�450
H

≠0.07 ≠0.02 ≠0.03
µ450�650
H

0.04 0.51 ≠0.21
µ>650
H

0.03 ≠0.05 0.54

Table 14: Signal acceptance times e�ciency for the signal regions in the di�erential measurements. For events with
p
H

T < 300 GeV, the acceptance times e�ciency is less than 0.1 ⇥ 10≠2.

Process 300 < p
H

T < 450 GeV 450 < p
H

T < 650 GeV p
H

T > 650 GeV

All 1.4 ⇥ 10≠2 0.25 0.33

ggF 0.7 ⇥ 10≠2 0.26 0.37
VH 1.8 ⇥ 10≠2 0.28 0.31
VBF 0.2 ⇥ 10≠2 0.14 0.18
tt̄H 4.9 ⇥ 10≠2 0.20 0.25
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9.3 Di�erential regions495

The di�erential regions aim to measure the di�erential spectrum of the Higgs boson transverse momentum,496

where possible deviations from the SM predictions could manifest with an amplitude increasing with497

p
H

T . Extending the procedure adopted for the fiducial measurements, several Higgs boson mass templates498

corresponding to same jet pT but di�erent p
H

T ranges are used in the fits. Figure 7 presents the signal yield499

in each reconstructed-event category for each fiducial volume and the corresponding fraction of signal500

events.501
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Figure 7: For each of the di�erential regions, the expected signal event yield for all Higgs boson events (a) and the
fraction of signal in percent (b) in each reconstructed region vs. the di�erential fiducial volumes.

The procedure is tested with W ! qq
0 and Z ! qq̄ in the VR and Z ! bb̄ in the SR. The VR o�ers a502

sample with larger statistics although lower signal-to-background ratio. For the di�erential V+ jets analysis,503

the VRL is divided in five slices, the fit performed independently on each slice and the results combined.504

In the SR the di�erential Z fit is performed to the SRL, SRS, and CRt t̄ regions with the Higgs boson505

contribution fixed to the SM prediction. Results of the two fits are shown in Figure 8 where they are506

compared to the predictions for the EW NLO and QCD NNLO corrections as a function of reconstructed507

p
V

T . Both results agree with SM expectations.508

To extract the Higgs boson signal strength, eight di�erential SR and CR regions defined in Table 6 are509

simultaneously fitted exploiting the corresponding systematic configurations shown in Table 5. Results are510

summarised in Table 12 and 13. The three Higgs boson signal strengths are compatible with a p-value of511

0.56.512

The post-fit jet mass distribution from the most sensitive category in each jet pT bin is shown in Figure 9.513

The acceptance times e�ciency values for the di�erent Higgs boson production processes are given in514

Table 14. The resulting Higgs boson production cross section for p
H

T > 650 GeV is 13 ± 16 (stat.) ±515

7 (syst.) ± 3 (theory) fb. The di�erential results correspond to the following 95% CL upper limits on the516

Higgs boson di�erential production cross sections:517

�H (300 < p
H

T < 450 GeV) < 2.8 pb518

�H (450 < p
H

T < 650 GeV) < 91 fb519

�H (pH

T > 650 GeV) < 40.5 fb.520
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Table 12: Expected and observed values of the signal strengths for the H, Z , and tt̄ components in the di�erential
fits. The value for µ

H
refers to a fiducial p

H

T volume, while those for µ
Z

and µ
t t̄

pertain to the corresponding jet pT
regions. The values of µ

t t̄
obtained are in agreement with unfolded measurements of tt̄ events in a similar kinematic

phase-space [104].

p
H

T [GeV] µ
H

Exp. Obs.

300–450 1 ± 18 ≠7 ± 17
450–650 1.0 ± 3.3 ≠2.9 ± 4.7
>650 1.0 ± 6.3 4.8 ± 6.4

Jet pT [GeV] µ
Z

µ
t t̄

Exp. Obs. Exp. Obs.

250–450 1.00 ± 1.11 1.77 ± 1.13 1.00 ± 0.07 0.87 ± 0.06
450–650 1.00 ± 0.17 1.28 ± 0.22 1.00 ± 0.07 0.76 ± 0.06
>650 1.00 ± 0.33 1.34 ± 0.42 1.00 ± 0.09 0.74 ± 0.07

Table 13: Correlations amongst the three Higgs boson signal strengths and between the three Higgs boson and Z + jets
signal strengths. The Higgs boson signal strengths µ

H
are labeled with the corresponding p

H

T range as a superscript.
The Z + jets signal strengths µ

Z
are labeled with the corresponding region name as a superscript, where SRi refers to

SRLi and SRSi.

µ300�450
H

µ450�650
H

µ>650
H

µ300�450
H

1.00 ≠0.18 0.07
µ450�650
H

≠0.18 1.00 ≠0.05
µ>650
H

0.07 ≠0.05 1.00

µSRS0
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µSR1
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µSR2
Z

µ300�450
H

≠0.07 ≠0.02 ≠0.03
µ450�650
H

0.04 0.51 ≠0.21
µ>650
H

0.03 ≠0.05 0.54

Table 14: Signal acceptance times e�ciency for the signal regions in the di�erential measurements. For events with
p
H

T < 300 GeV, the acceptance times e�ciency is less than 0.1 ⇥ 10≠2.

Process 300 < p
H

T < 450 GeV 450 < p
H

T < 650 GeV p
H

T > 650 GeV

All 1.4 ⇥ 10≠2 0.25 0.33

ggF 0.7 ⇥ 10≠2 0.26 0.37
VH 1.8 ⇥ 10≠2 0.28 0.31
VBF 0.2 ⇥ 10≠2 0.14 0.18
tt̄H 4.9 ⇥ 10≠2 0.20 0.25
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Table 12: Expected and observed values of the signal strengths for the H, Z , and tt̄ components in the di�erential
fits. The value for µ

H
refers to a fiducial p

H

T volume, while those for µ
Z

and µ
t t̄

pertain to the corresponding jet pT
regions. The values of µ

t t̄
obtained are in agreement with unfolded measurements of tt̄ events in a similar kinematic

phase-space [104].
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Exp. Obs.

300–450 1 ± 18 ≠7 ± 17
450–650 1.0 ± 3.3 ≠2.9 ± 4.7
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Table 13: Correlations amongst the three Higgs boson signal strengths and between the three Higgs boson and Z + jets
signal strengths. The Higgs boson signal strengths µ
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are labeled with the corresponding p
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T range as a superscript.
The Z + jets signal strengths µ

Z
are labeled with the corresponding region name as a superscript, where SRi refers to
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9.3 Di�erential regions495

The di�erential regions aim to measure the di�erential spectrum of the Higgs boson transverse momentum,496

where possible deviations from the SM predictions could manifest with an amplitude increasing with497

p
H

T . Extending the procedure adopted for the fiducial measurements, several Higgs boson mass templates498

corresponding to same jet pT but di�erent p
H

T ranges are used in the fits. Figure 7 presents the signal yield499

in each reconstructed-event category for each fiducial volume and the corresponding fraction of signal500

events.501
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Figure 7: For each of the di�erential regions, the expected signal event yield for all Higgs boson events (a) and the
fraction of signal in percent (b) in each reconstructed region vs. the di�erential fiducial volumes.

The procedure is tested with W ! qq
0 and Z ! qq̄ in the VR and Z ! bb̄ in the SR. The VR o�ers a502

sample with larger statistics although lower signal-to-background ratio. For the di�erential V+ jets analysis,503

the VRL is divided in five slices, the fit performed independently on each slice and the results combined.504

In the SR the di�erential Z fit is performed to the SRL, SRS, and CRt t̄ regions with the Higgs boson505

contribution fixed to the SM prediction. Results of the two fits are shown in Figure 8 where they are506

compared to the predictions for the EW NLO and QCD NNLO corrections as a function of reconstructed507

p
V

T . Both results agree with SM expectations.508

To extract the Higgs boson signal strength, eight di�erential SR and CR regions defined in Table 6 are509

simultaneously fitted exploiting the corresponding systematic configurations shown in Table 5. Results are510

summarised in Table 12 and 13. The three Higgs boson signal strengths are compatible with a p-value of511

0.56.512

The post-fit jet mass distribution from the most sensitive category in each jet pT bin is shown in Figure 9.513

The acceptance times e�ciency values for the di�erent Higgs boson production processes are given in514

Table 14. The resulting Higgs boson production cross section for p
H

T > 650 GeV is 13 ± 16 (stat.) ±515

7 (syst.) ± 3 (theory) fb. The di�erential results correspond to the following 95% CL upper limits on the516

Higgs boson di�erential production cross sections:517

�H (300 < p
H

T < 450 GeV) < 2.8 pb518

�H (450 < p
H

T < 650 GeV) < 91 fb519

�H (pH

T > 650 GeV) < 40.5 fb.520
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fraction of signal in percent (b) in each reconstructed region vs. the di�erential fiducial volumes.
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the VRL is divided in five slices, the fit performed independently on each slice and the results combined.504

In the SR the di�erential Z fit is performed to the SRL, SRS, and CRt t̄ regions with the Higgs boson505

contribution fixed to the SM prediction. Results of the two fits are shown in Figure 8 where they are506

compared to the predictions for the EW NLO and QCD NNLO corrections as a function of reconstructed507

p
V

T . Both results agree with SM expectations.508

To extract the Higgs boson signal strength, eight di�erential SR and CR regions defined in Table 6 are509

simultaneously fitted exploiting the corresponding systematic configurations shown in Table 5. Results are510

summarised in Table 12 and 13. The three Higgs boson signal strengths are compatible with a p-value of511

0.56.512

The post-fit jet mass distribution from the most sensitive category in each jet pT bin is shown in Figure 9.513

The acceptance times e�ciency values for the di�erent Higgs boson production processes are given in514

Table 14. The resulting Higgs boson production cross section for p
H

T > 650 GeV is 13 ± 16 (stat.) ±515

7 (syst.) ± 3 (theory) fb. The di�erential results correspond to the following 95% CL upper limits on the516

Higgs boson di�erential production cross sections:517

�H (300 < p
H

T < 450 GeV) < 2.8 pb518

�H (450 < p
H

T < 650 GeV) < 91 fb519
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Table 9: Signal acceptance times e�ciency for the signal regions in the fiducial measurements.

Process p
H

T > 450 GeV p
H

T > 1 TeV

All 0.25 0.18

ggF 0.26 0.22
VH 0.27 0.19
V BF 0.22 0.15
ttH 0.20 0.16

This procedure is first tested with W ! qq
0 and Z ! qq̄ in the VR and Z ! bb̄ in the SR. For these tests,475

the V and Z mass templates are structured similarly to those of the Higgs boson decribed above. The476

Higgs boson yields are kept fixed to the SM expectations in the fit. In the VR, the fitted signal strengths for477

V+ jets with p
V

T > 450 GeV and 1 TeV are µV = 1.01 ± 0.09 and 1.56 ± 0.50, respectively. In the SR, the478

µZ values for Z events with p
Z

T > 450 GeV and 1 TeV are 1.35 ± 0.23 and 1.8 ± 1.4, respectively. These479

results are in agreement with the SM.480

When extracting the Higgs boson signal strength, the likelihood fit result for p
H

T > 450 GeV provides a481

signal strength of µ
H
= 0.7 ± 3.3 and for p

H

T > 1 TeV gives µ
H
= 26 ± 31. These yields correspond to482

Higgs boson production cross section values in the fiducial region of483

�H (pH

T > 450 GeV) = 13 ± 52 (stat.) ± 32 (syst.) ± 3 (theory) fb484

�H (pH

T > 1 TeV) = 3.4 ± 3.9 (stat.) ± 1.0 (syst.) ± 0.8 (theory) fb,485

and 95% confidence Level (CL) upper limits of486

�H (pH

T > 450 GeV) < 144 fb487

�H (pH

T > 1 TeV) < 10.3 fb.488

The post-fit SRL and SRS jet mass distributions are shown in Figure 6. Results are summarised in Table 10.489

The uncertainties are statistically dominated. The contributions of the main categories of systematic490

uncertainties are given in Table 11. The jet uncertainties give the largest contribution, driven by the JMS491

e�ects at lower pT and by JMR above 1 TeV where the constraints are looser due to the extrapolation492

uncertainties (see Figure 4). Similarly, the flavour tagging uncertainties increase above 1 TeV due to the493

extrapolation from the pT range of the calibration regions.494
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Table 12: Correlations amongst the three Higgs boson signal strengths and between the three Higgs boson and Z + jets
signal strengths. The Higgs boson signal strengths µH are labeled with the corresponding p

H

T range as a superscript.
The Z + jets signal strengths µZ are labeled with the corresponding region name as a superscript, where SRi refers to
SRLi and SRSi.

µ300�450
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µ450�650
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µ300�450
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≠0.18 1.00 ≠0.05
µ>650
H

0.07 ≠0.05 1.00

µSRS0
Z

µSR1
Z

µSR2
Z

µ300�450
H

≠0.07 ≠0.02 ≠0.03
µ450�650
H

0.04 0.51 ≠0.21
µ>650
H

0.03 ≠0.05 0.54

2

4

6

8

10
12

14

16

18

310×

Ev
en

ts
 / 

 5
 G

eV Data

=-7.09)µ (1
T

H, p

=-2.89)µ (2
T

H, p

Z

W

Top

Multijet

ATLAS Preliminary
-1 = 13 TeV, 136 fbs

50 GeV4<
T

p<SRS, 250

0
0.5

1

310×

D
at

a-
M

ul
tij

et

σ 1±Multijet 

80 100 120 140 160 180 200
Jet mass [GeV]

100−

0

100

D
at

a-
bk

g

σ 1±Multijet, Top, W & Z 

5
10

15
20
25

30
35

40
45

50
310×

Ev
en

ts
 / 

 5
 G

eV Data
=-2.89)µ (2

T
H, p

=-7.09)µ (1
T

H, p
=4.850)µ (3

T
H, p
Z
W
Top
Multijet

ATLAS Preliminary
-1 = 13 TeV, 136 fbs

50 GeV6<
T

p<SRL, 450

0

2

310×

D
at

a-
M

ul
tij

et

σ 1±Multijet 

80 100 120 140 160 180 200
Jet mass [GeV]

200−

0
200

D
at

a-
bk

g

σ 1±Multijet, Top, W & Z 

1

2

3

4

5

6

7

310×

Ev
en

ts
 / 

 5
 G

eV Data

=4.850)µ (3
T

H, p

Z

W

Top

Multijet

ATLAS Preliminary
-1 = 13 TeV, 136 fbs

000 GeV1<
T

p<SRL, 650

0

500

D
at

a-
M

ul
tij

et

σ 1±Multijet 

80 100 120 140 160 180 200
Jet mass [GeV]

100−

0
100

D
at

a-
bk

g

σ 1±Multijet, Top, W & Z 

Figure 9: Post-fit signal jet mass distributions for the di�erential signal region defined by the subleading jet with
250 < pT < 450 GeV (left) and leading jet with 450 < pT < 650 GeV (middle) and 650 < pT < 1000 GeV (right)
with the various components. The middle panels show the distributions after subtraction of the multijet distribution.
The shaded areas indicate the 68% CL for the multijet background from the fitted parameters and normalizations
of the exponential polynomials. The lower panels show the distributions after subtraction of the fitted background
processes: multijet, V+ jets and Top. The shaded areas indicate the 68% CL for all background processes. The four
fiducial volumes are labeled p

0
T–p

3
T corresponding to p

H

T < 300 GeV, 300 – 450 GeV, 450 – 650 GeV, and > 650 GeV,
respectively. The p

0
T event yield is constrained to its SM value within the theoretical and experimental uncertainties

and free parameters act independently on the remaining three volumes. Contributions below 0.5 per mille of the total
yield are not shown.
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Figure 12: Post-fit signal jet mass distributions for the di�erential regions defined by the subleading jet 450 <
pT < 650 GeV (left) and 650 < pT < 1000 GeV (right) with the various components. The middle panels show the
distributions after subtraction of the multijet distribution. The shaded areas indicate the 68% CL for the multijet
background from the fitted parameters and normalizations of the exponential polynomials. The lower panels show
the distributions after subtraction of the fitted background processes: multijet, V+ jets and Top. The shaded areas
indicate the 68% CL for all background processes. The four fiducial volumes are labeled p

0
T–p

3
T corresponding to

p
H

T < 300 GeV, 300 – 450 GeV, 450 – 650 GeV, and > 650 GeV, respectively. The p
0
T event yield is constrained

to its SM value within the theoretical and experimental uncertainties and free parameters act independently on the
remaining three volumes. Contributions below 0.5 per mille of the total yield are not shown.

Table 17: Event yields and associated uncertainties after the global likelihood fit in the p
H

T > 1 TeV fiducial region.
The rate of the W(`⌫) background is assumed to be fixed. The total background yield can di�er from the sum of the
individual components due to rounding.

Process SRL CRt t̄

Multijet 5570 ± 330 –
Z + jets 400 ± 240 –
W+ jets 100 ± 30 –
Top 130 ± 40 28 ± 6
W(`⌫) – 6
H p

H

T < 1 TeV 1.0 ± 0.3 –
H p

H

T > 1 TeV 90 ± 100 –
Total 6280 ± 80 34 ± 6

Data 6283 34

30

Table 12: Correlations amongst the three Higgs boson signal strengths and between the three Higgs boson and Z + jets
signal strengths. The Higgs boson signal strengths µH are labeled with the corresponding p

H

T range as a superscript.
The Z + jets signal strengths µZ are labeled with the corresponding region name as a superscript, where SRi refers to
SRLi and SRSi.
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Figure 9: Post-fit signal jet mass distributions for the di�erential signal region defined by the subleading jet with
250 < pT < 450 GeV (left) and leading jet with 450 < pT < 650 GeV (middle) and 650 < pT < 1000 GeV (right)
with the various components. The middle panels show the distributions after subtraction of the multijet distribution.
The shaded areas indicate the 68% CL for the multijet background from the fitted parameters and normalizations
of the exponential polynomials. The lower panels show the distributions after subtraction of the fitted background
processes: multijet, V+ jets and Top. The shaded areas indicate the 68% CL for all background processes. The four
fiducial volumes are labeled p

0
T–p

3
T corresponding to p

H

T < 300 GeV, 300 – 450 GeV, 450 – 650 GeV, and > 650 GeV,
respectively. The p

0
T event yield is constrained to its SM value within the theoretical and experimental uncertainties

and free parameters act independently on the remaining three volumes. Contributions below 0.5 per mille of the total
yield are not shown.
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Figure 9: Post-fit signal jet mass distributions for the di�erential signal region defined by the subleading jet with
250 < pT < 450 GeV (left) and leading jet with 450 < pT < 650 GeV (middle) and 650 < pT < 1000 GeV (right)
with the various components. The middle panels show the distributions after subtraction of the multijet distribution.
The shaded areas indicate the 68% CL for the multijet background from the fitted parameters and normalizations
of the exponential polynomials. The lower panels show the distributions after subtraction of the fitted background
processes: multijet, V+ jets and Top. The shaded areas indicate the 68% CL for all background processes. The four
fiducial volumes are labeled p

0
T–p

3
T corresponding to p

H

T < 300 GeV, 300 – 450 GeV, 450 – 650 GeV, and > 650 GeV,
respectively. The p

0
T event yield is constrained to its SM value within the theoretical and experimental uncertainties

and free parameters act independently on the remaining three volumes. Contributions below 0.5 per mille of the total
yield are not shown.
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Figure 12: Post-fit signal jet mass distributions for the di�erential regions defined by the subleading jet 450 <
pT < 650 GeV (left) and 650 < pT < 1000 GeV (right) with the various components. The middle panels show the
distributions after subtraction of the multijet distribution. The shaded areas indicate the 68% CL for the multijet
background from the fitted parameters and normalizations of the exponential polynomials. The lower panels show
the distributions after subtraction of the fitted background processes: multijet, V+ jets and Top. The shaded areas
indicate the 68% CL for all background processes. The four fiducial volumes are labeled p

0
T–p

3
T corresponding to

p
H

T < 300 GeV, 300 – 450 GeV, 450 – 650 GeV, and > 650 GeV, respectively. The p
0
T event yield is constrained

to its SM value within the theoretical and experimental uncertainties and free parameters act independently on the
remaining three volumes. Contributions below 0.5 per mille of the total yield are not shown.

Table 17: Event yields and associated uncertainties after the global likelihood fit in the p
H

T > 1 TeV fiducial region.
The rate of the W(`⌫) background is assumed to be fixed. The total background yield can di�er from the sum of the
individual components due to rounding.

Process SRL CRt t̄

Multijet 5570 ± 330 –
Z + jets 400 ± 240 –
W+ jets 100 ± 30 –
Top 130 ± 40 28 ± 6
W(`⌫) – 6
H p

H

T < 1 TeV 1.0 ± 0.3 –
H p

H

T > 1 TeV 90 ± 100 –
Total 6280 ± 80 34 ± 6

Data 6283 34
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Overview, Conclusions & Plans

￼14

• First ATLAS studies of Higgs boson 
produced at very high pT with H->bb


• Cross-section extracted in multiple regions 
of increasing pTH


• Within same kinematic ranges Z->bb 
production rates agree with SM


• First attempt to access Higgs production 
at pTH > 1 TeV 

• Several ideas to improve sensitivity and 
understanding of boosted Higgs production


• Mode categorization based on recoil jet (vs. 
VH and ttH)


• Classifier(s) to reduce QCD Multijet 
background
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10 Conclusions526

Studies of the Higgs boson produced at high pT and decaying into bb̄ pair are performed. The results527

are based on the Run 2 dataset of pp collision data collected at
p

s = 13 TeV by the ATLAS detector at528

the LHC, corresponding to an integrated luminosity of 136 fb�1. The Higgs boson is reconstructed from529

a single large-R jet and identified with b-tagging techniques. The cross section is extracted in multiple530

regions of increasing p
H

T . Within the same kinematic regimes, measurements of the Z ! bb̄ process agree531

with the Standard Model predictions, validating the methods.532

The fitted values and upper limits at 95% CL of the Higgs boson signal strengths in three p
H

T regions are533

shown in Figure 10.534
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Figure 10: A summary of the signal strengths measured in the various p
H

T fiducial volumes.

The Higgs boson production cross section, in three regions, is found to be:535

�H (pH

T > 450 GeV) = 13 ± 57 (stat.) ± 22 (syst.) ± 3 (theory) fb536

�H (pH

T > 650 GeV) = 13 ± 16 (stat.) ± 7 (syst.) ± 3 (theory) fb537

�H (pH

T > 1 TeV) = 3.4 ± 3.9 (stat.) ± 1.0 (syst.) ± 0.8 (theory) fb,538

Higgs boson cross-section production limits at 95% CL obtained in four di�erential volumes, following539

the simplified cross-section framework, are: �H (300 < p
H

T < 450 GeV) < 2.8 pb, �H (450 < p
H

T <540

650 GeV) < 91 fb, �H (pH

T > 650 GeV) < 40.5 fb, and �H (pH

T > 1 TeV) < 10.3 fb. All of the Higgs541

boson results agree with the Standard Model predictions.542
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Higgs-Signal Description & Composition
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ATLAS DRAFT
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Figure 27: Cumulative cross-section as a function of Higgs particle pT for the di�erent production processes before
(left) and after (right) reweighting compared to the recommended values by LHCHXSWG [24, 25]. All LHCHXSWG
values are at NNLO in QCD, with the exception of ttH which is NLO in QCD. No NLO EW corrections are applied
to either of the predictions.

Table 21: Inclusive Higgs cross-sections for the various production modes as a function of a cut on the truth Higgs pT
value, p

cut
T . All values were taken directly from Table 6 of Ref. [25]. See the text for details on the cross-section

values used in the analysis. The uncertainties cover QCD scale variations and do not contain PDF or ↵s errors. They
are quoted in %. The ggF cross-section is calculated to order approximate NNLO, V BF to NNLO, VH to NNLO
and ttH to NLO in QCD.

p
cut
T [GeV] ggF [fb] V BF [fb] VH [fb] ttH [fb]

400 32.30+10.89%
�12.91% 14.23+0.15%

�0.19% 11.16+4.12%
�3.68% 6.89+12.62%

�12.97%
450 18.08+10.78

�12.79 8.06+0.24
�0.23 6.87+4.6

�3.49 4.24+12.84
�13.15

500 10.17+10.67
�12.74 4.75+0.33

�0.29 4.39+4.43
�4.04 2.66+12.85

�13.22
550 5.87+10.54

�12.60 2.90+0.34
�0.36 2.87+4.44

�3.74 1.76+14.23
�13.93

600 3.48+10.35
�12.49 1.82+0.41

�0.39 1.91+5.22
�4.71 1.11+12.99

�13.4
650 2.13+10.23

�12.45 1.17+0.49
�0.39 1.30+4.67

�4.28 0.72+12.6
�13.26

700 1.32+10.03
�12.32 0.77+0.57

�0.45 0.90+4.15
�5.4 0.47+11.42

�12.74
750 0.84+10.05

�12.31 0.51+0.69
�0.56 0.62+5.15

�4.66 0.32+11.53
�12.84

800 0.54+9.91
�12.24 0.35+0.71

�0.6 0.44+5.64
�4.13 0.22+11.42

�13.3

8.4 Cross sections at high pT : EW549

Sizeable electroweak (EW) corrections are expected to the boosted Higgs boson production cross-section.550

EW corrections become more pronounced and show the onset of the large EW logarithms from soft/collinear551

W/Z exchange at high energies [31]. Therefore, EW corrections to the Higgs boson cross-section are552

derived using the HAWK package [32]). EW correction are not known for ggF production [25].553

The HAWK event generation is performed using the LHCXSWG SM parameters detailed in the YR4 [33]554

and applying a cut on the Higgs p
H

T > 200 GeV. The HAWK setup used in the analysis was used to reproduce555

(as a cross-check) the results published in the YR4. HAWK also provides NLO electroweak cross-sections556

for the H + j j system which can be split into s-channel (Hadronic VH) and t-channel (V BF) as detailed557

in Ref [32]. The EW corrections calculated from HAWK are presented in Figure 28. A second-order558

polynomial fit is used to determine the correction applied to simulated events (see Appendix G).559
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LHCXSWG

• Assume state-of-the-art predictions for Higgs 

boosted production (LHCXSWG) 

• Expected cross sections @NLO in QCD, ggF 

includes finite top mass effects


• pTH-dependent NLO EW corrections applied to 

VBF, VH & ttH


• EW corrections not known for ggF 

• Our phase space is, in fact, fully inclusive in 

Higgs production modes 

• Acceptance varies with pT, reflecting changes in 

hierarchy of production modes


• ttH acceptance favored at low pT, where two 

massive top quarks trigger


• No attempt to disentangle modes 

ATLAS DRAFT

Table 2: A summary of the CRt t̄ selection criteria.

Jet N track-jets N b-tags Angular Selection Jet Mass [GeV]

Jb � 1 1 0.04 + 10/p
µ
T < �R(µ, Jb) < 1.5 –

Jt � 3 1 ��(Jb, Jt ) > 2⇡
3 140–200

6 Higgs boson modeling276

The limited number of event selection criteria pertaining to properties of the recoil system or other activity277

in the event results in an inclusive analysis in terms of the Higgs boson production modes. Table 3 shows278

the relative contribution of the four main production modes as a function of Higgs boson candidate pT,279

according to SM predictions. Only events within the Higgs boson window, defined by 105 < mJ < 140 GeV,280

are considered. In both the SRL and SRS, ggF production contributes most for p
jet
T > 450 GeV. For281

p
jet
T < 450 GeV, tt̄H comprises around 40% of the Higgs boson events. A hadronically decaying top-quark282

can satisfy the jet trigger requirements without a high p
H

T value, thus resulting in a significant contribution283

of tt̄H events with relatively low Higgs boson pT. Almost 90% of tt̄H events in the Higgs boson window284

arise from H ! bb̄ decays. H ! W
±
W

⌥ provides a majority of the remainder and climbs to almost 15%285

for larger mJ values.286

The acceptance uncertainty on ggF-produced events is 20%. It includes variations of the factorization and287

renormalization scales, PDF, and parton shower model. Ref. [91] demonstrates that the NLO correction is288

nearly equivalent in the infinite top-mass approximation and full SM calculation; no additional systematic289

uncertainty is assigned. Acceptance uncertainties on the VBF, VH, and tt̄H processes are 0.5%, 5%, and290

13%, respectively [31]. Systematic uncertainties on the EW corrections (expressed as 1+ �EW) are taken as291

�2EW following the recommendations in Ref. [5].292

Table 3: The fractional contribution of each production mode to a given analysis region around the Higgs boson
peak, defined by 105 < mJ < 140 GeV. The fraction is given with respect to the total yield in the analysis region in
question.

Process pT Range [GeV]
250–450 450–650 650–1000 > 1000

SRL

ggF – 0.56 0.50 0.39
VBF – 0.17 0.16 0.17
VH – 0.14 0.18 0.25
tt̄H – 0.13 0.16 0.19

SRS

ggF 0.28 0.46 0.43 –
VBF 0.07 0.19 0.21 –
VH 0.26 0.24 0.26 –
tt̄H 0.39 0.11 0.10 –

March 16, 2021 – 13:00 10
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Figure 4: A summary of the Z and W resonance peak reconstructed width measurements as a function of the jet pT
using the resolved W boson in top-quark decays in the WCRt t̄ region and the combined W and Z boson mass in
the validation region. The horizontal bars cover the jet pT range used for the corresponding point and the points
are centered at the average jet pT in the same range. The continuous black curve is a fit to the measurements with
resultant errors shown as a cyan band.

7.3 Multijet production

An exponential of polynomial functions is used to model the multijet contribution

fN

⇣
x

��� Æ✓ ⌘ = ✓0 exp

 
N’
i=1
✓ix

i

!
, (1)

where x = (mJ �140 GeV)/70 GeV and ✓i are the parameters of the fit. Parameter values are independently
determined in each region simultaneously with the signal extraction. The optimal degree of the polynomial
function, N in Equation 1, depends on the mass shape and number of events analyzed. The VRS (VRL)
contains 51 (58) times the amount of SRS (SRL) data. Therefore, ‘ensemble tests’ using modified VR
subsets with roughly the same number of events as the corresponding SR, referred to as hybrid VR slices
(VRhyb), are used to determine N .

The hybrid VR is the best available proxy for the SR. It is defined by replacing the VR resonance peaks with
the SM prediction from the SR and correcting the underlying multijet shape for SR acceptance e�ects. The
following procedure for determining the resonance and multijet shape in the VR and SR data is used. The
VR multijet estimate (MJVR) is created from the average of the multijet model parameter values obtained
from likelihood fits to ten3 random, orthogonal subsets of the VR including all experimental and modeling
systematic uncertainties. The input tt̄ normalization and associated uncertainty are set to representative
values from the CRt t̄ . The VR V+ jets and Top estimates (VVR and TopVR) are created from the average
post-fit V+ jets and Top contributions from the same ten fits to the VR. The SR multijet estimate (MJSR)
is obtained from a global likelihood fit to the SR. The ratio of MJSR over MJVR defines the acceptance

3 Ten subsets balance the statistical precision with the need to use greater values of N to model a larger dataset.
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All experimental uncertainties described in Section 4.3 are applied. Uncertainties on JMR and JMS have
the largest impact on the V+ jets normalization. Using the multijet model described in Section 7.3 and the
likelihood described in Section 8, the leading jet invariant mass distribution in the validation region is
described to the level of agreement between simulation and data shown in Figure 3.
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Figure 3: Post-fit leading jet invariant mass distributions after the multijet background subtraction in the validation
region for data (points with error bars) and the V+ jets (W+Z) and Top components (histograms) for 450 < pT <
650 GeV (left) and 650 < pT < 1000 GeV (right). The tt̄ normalization and its uncertainty are set to the corresponding
values from the CRt t̄ with the appropriate uncertainty.

Jet Mass Resolution Uncertainty

The fitted Z normalization in the SR shows a significant correlation with the reconstructed mJ resolution
uncertainty because the interaction of the Z + jets component in the mass spectrum and the multijet model
flexibility can open a local minimum. Tests using subsets of the hybrid validation region, constructed
to have a known amount of each process and discussed in the next section, highlight this feature. In
some instances, the JMR parameter broadens the Z + jets peak. It corresponds to a Z + jets normalization
increase and a multijet contribution decrease from the expected values.

To stabilize the fit response, the Z and W resonance jet mass widths are measured directly on two data
samples and added as an additional constraint in the global likelihood. The two data samples are an
alternate tt̄ CR (WCRt t̄) and the VRL. The WCRt t̄ consists of selected semi-leptonic tt̄ events having a
resolved Wb pair from a hadronically decaying top-quark providing a high-purity reconstructed W peak
with jet pT from 200 GeV up to about 600 GeV. The VRL provides a clear W peak and covers the entire jet
pT range of this analysis but has considerably larger multijet contribution.

The measured jet mass width of the W and Z resonances shows a smooth evolution from low pT in the
WCRt t̄ to high pT of the VRL (see Figure 4). These results di�er from the nominal simulated mJ resolution
by less than 2.5% and have a precision that is 14–22% of the original JMR uncertainty after systematic
uncertainties are incorporated to transfer the result to the Z ! bb̄-dominated V+ jets sample in the SR.
When included in the global likelihood, the Z + jets normalization and the JMR parameter correlation is
reduced. For example, in the inclusive signal region it decreases from ⇠90% to ⇠30%.
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V+j Modelling & Mass Resolution (JMR) vs. pT
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JMR constraints obtained from Sherpa JMR fit results via folding with SR pT Spectrum

Additional ±0.10 syst uncertainty for 
transfer from V->qq to Z->bb

ATLAS DRAFT

Table 36: A summary of the JMR Gaussian external constraints acting on "MassRes_WZ_comb" in the SR likelihood
given for each region. The two methods discussed in Section 10.6 are compared and the final value using the
pT-folded method plus the transfer systematic is also shown. ‘Fit Value’ refers to the value and error of the fit shown
in Figure 92 at the average jet pT of the corresponding region. ‘pT-Folded’ refers to the value and error of the fit
shown in Figure 92 averaged over the pT distribution of the corresponding region (see Section 10.6 for details). The
last two columns give the values used to build the Gaussian external constraint with the mean (µext) coming directly
from the pT-folded method and the width (�ext) coming from pT-folded method added in quadrature with the transfer
systematic of 0.1 (Section 10.7).

Region Average pT [GeV] Fit value pT-Folded µext �ext

Inclusive SRL 562 0.051 ± 0.108 0.056 ± 0.122 0.056 0.158
SRL1 520 0.070 ± 0.104 0.071 ± 0.107 0.071 0.146
SRL2 775 -0.014 ± 0.185 -0.018 ± 0.198 -0.018 0.222

Inclusive SRS 516 0.070 ± 0.104 0.074 ± 0.116 0.074 0.153
SRS0 381 0.127 ± 0.105 0.127 ± 0.100 0.127 0.141
SRS1 520 0.070 ± 0.104 0.071 ± 0.107 0.071 0.146
SRS2 775 -0.014 ± 0.185 -0.018 ± 0.198 -0.018 0.212
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Figure 98: A summary of the constraints on the JMR value used for the analysis as a function of the large-R jet pT.
The points are the measurements and the grey area shows the 68% C.L. from a fit with a function a + bx + c/x. The
length of the horizontal bars for each point corresponds to the size of the pT bin used in the fits while the marker
position corresponds to the average pT of the bin in the corresponding region. The light band is the error on the fit
function and the dark band is the additional 0.1 systematic
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Interaction between V+j template & QCD flexible model makes it impossible to simultaneously extract V+j 
width and normalization -> extraction of dedicated W/Z Jet Mass Resolution constraints in dedicated regions
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di�erences between the two regions as is shown in Figure 5. Each VRi

hyb slice is:

VRi

hyb = (VRi � VVR � TopVR) ⇥
✓
MJSR
MJVR

◆
+ VSR + TopSR + HSR,

where VRi is the full distribution in a VR slice and VSR, TopSR, and HSR are the nominal MC predictions
for V+ jets, Top, and H production, respectively.

ATLAS Internal
-1= 13 TeV, 136 fbs

80 100 120 140 160 180 200

1000

2000

3000

4000 Leading 450<pT<650 GeV
VR Data
SR Data Fit
VR Data Fit

              Jet mass [GeV]

80 100 120 140 160 180 200D
at

a 
SR

/V
R

0.7
0.8
0.9

1
1.1
1.2

Ev
en

ts
/0

.5
 G

eV

80 100 120 140 160 180 200
Jet mass [GeV]

0
20
40
60
80

100
120
140
160
180
200

Ev
en

ts
 / 

5 
G

eV

Higgs
0.05)×Z+jets (
0.05)×W+jets (

0.05)×Top (
0.005)×Multijet (

ATLAS Internal
-1= 13 TeV, 136 fbs

50 GeV2>
T

SR subleading jet p

5000

10000

Ev
en

ts
 / 

 5
 G

eV Data-Multijet
W+Z
Top

σ 1±Multijet 

ATLAS Internal
-1 = 13 TeV, 136 fbs

50 GeV6<
T

p<Leading, 450

80 100 120 140 160 180 200
Jet mass [GeV]

0.5
1

1.5

D
at

a/
Pr

ed
.

Total uncert.

80 100 120 140 160 180 200
Jet mass [GeV]

0
20
40
60
80

100
120
140
160
180
200

Ev
en

ts
 / 

5 
G

eV

Higgs
0.05)×Z+jets (
0.05)×W+jets (

0.05)×Top (
0.005)×Multijet (

ATLAS Preliminary
-1= 13 TeV, 136 fbs

50 GeV2>
T

SR subleading jet p

80 100 120 140 160 180 200
Jet mass [GeV]

0
20
40
60
80

100
120
140
160
180
200

Ev
en

ts
 / 

5 
G

eV

Higgs
0.05)×Z+jets (
0.05)×W+jets (

0.05)×Top (
0.005)×Multijet (

ATLAS Preliminary
-1= 13 TeV, 136 fbs

50 GeV2>
T

SR subleading jet p
80 100 120 140 160 180 200

100

200

300

400

500
Leading pT>650 GeV

VR Data
SR Data Fit 
VR Data Fit

Jet mass [GeV]

80 100 120 140 160 180 200D
at

a 
SR

/V
R

0.7
0.8
0.9

1
1.1
1.2

(Y
HQ

WV
��

��
 *

H9
80 100 120 140 160 180 200

Jet mass [GeV]

0
20
40
60
80

100
120
140
160
180
200

Ev
en

ts
 / 

5 
G

eV

Higgs
0.05)×Z+jets (
0.05)×W+jets (

0.05)×Top (
0.005)×Multijet (

ATLAS Internal
-1= 13 TeV, 136 fbs

50 GeV2>
T

SR subleading jet p5000

10000

Ev
en

ts
 / 

 5
 G

eV Data-Multijet
W+Z
Top

σ 1±Multijet 

ATLAS Internal
-1 = 13 TeV, 136 fbs

50 GeV6>
T

Leading, p

80 100 120 140 160 180 200
Jet mass [GeV]

0.5
1

1.5

D
at

a/
Pr

ed
.

Total uncert.

80 100 120 140 160 180 200
Jet mass [GeV]

0
20
40
60
80

100
120
140
160
180
200

Ev
en

ts
 / 

5 
G

eV

Higgs
0.05)×Z+jets (
0.05)×W+jets (

0.05)×Top (
0.005)×Multijet (

ATLAS Preliminary
-1= 13 TeV, 136 fbs

50 GeV2>
T

SR subleading jet p

80 100 120 140 160 180 200

200

400

600

800

1000

1200 Subleading 250<pT<450 GeV
VR Data
SR Data Fit
VR Data Fit

Jet Pass [GeV]

80 100 120 140 160 180 200D
at

a 
SR

/V
R

0.7
0.8
0.9

1
1.1
1.2

(Y
HQ
WV
��
��
�*
H9

80 100 120 140 160 180 200
Jet mass [GeV]

0
20
40
60
80

100
120
140
160
180
200

Ev
en

ts
 / 

5 
G

eV

Higgs
0.05)×Z+jets (
0.05)×W+jets (

0.05)×Top (
0.005)×Multijet (

ATLAS Internal
-1= 13 TeV, 136 fbs

50 GeV2>
T

SR subleading jet p

5000

10000

Ev
en

ts
 / 

 5
 G

eV Data-Multijet
W+Z
Top

σ 1±Multijet 

ATLAS Internal
-1 = 13 TeV, 136 fbs

50 GeV4<
T

p<Subleading, 250

80 100 120 140 160 180 200
Jet mass [GeV]

0.5
1

1.5

D
at

a/
Pr

ed
.

Total uncert.

80 100 120 140 160 180 200
Jet mass [GeV]

0
20
40
60
80

100
120
140
160
180
200

Ev
en

ts
 / 

5 
G

eV

Higgs
0.05)×Z+jets (
0.05)×W+jets (

0.05)×Top (
0.005)×Multijet (

ATLAS Preliminary
-1= 13 TeV, 136 fbs

50 GeV2>
T

SR subleading jet p

(a) 250 < pT < 450 GeV

80 100 120 140 160 180 200

500

1000

1500

2000
Subleading 450<pT<650 GeV

VR Data
SR Data Fit
VR Data Fit

Jet Pass [GeV]

80 100 120 140 160 180 200D
at

a 
SR

/V
R

0.7
0.8
0.9

1
1.1
1.2

(Y
HQ
WV
��
��
�*
H9

80 100 120 140 160 180 200
Jet mass [GeV]

0
20
40
60
80

100
120
140
160
180
200

Ev
en

ts
 / 

5 
G

eV

Higgs
0.05)×Z+jets (
0.05)×W+jets (

0.05)×Top (
0.005)×Multijet (

ATLAS Internal
-1= 13 TeV, 136 fbs

50 GeV2>
T

SR subleading jet p

5000

10000

Ev
en

ts
 / 

 5
 G

eV Data-Multijet
W+Z
Top

σ 1±Multijet 

ATLAS Internal
-1 = 13 TeV, 136 fbs

50 GeV6<
T

p<Subleading, 450

80 100 120 140 160 180 200
Jet mass [GeV]

0.5
1

1.5

D
at

a/
Pr

ed
.

Total uncert.

80 100 120 140 160 180 200
Jet mass [GeV]

0
20
40
60
80

100
120
140
160
180
200

Ev
en

ts
 / 

5 
G

eV

Higgs
0.05)×Z+jets (
0.05)×W+jets (

0.05)×Top (
0.005)×Multijet (

ATLAS Preliminary
-1= 13 TeV, 136 fbs

50 GeV2>
T

SR subleading jet p

(b) 450 < pT < 650 GeV

80 100 120 140 160 180 200

100

200

300 Subleading S7!650 GeV
VR Data
SR Data Fit
VR Data Fit

Jet Pass [GeV]

80 100 120 140 160 180 200D
at

a 
SR

/V
R

0.7
0.8
0.9

1
1.1
1.2

(Y
HQ
WV
��
��
�*
H9

80 100 120 140 160 180 200
Jet mass [GeV]

0
20
40
60
80

100
120
140
160
180
200

Ev
en

ts
 / 

5 
G

eV

Higgs
0.05)×Z+jets (
0.05)×W+jets (

0.05)×Top (
0.005)×Multijet (

ATLAS Internal
-1= 13 TeV, 136 fbs

50 GeV2>
T

SR subleading jet p

5000

10000
Ev

en
ts

 / 
 5

 G
eV Data-Multijet

W+Z
Top

σ 1±Multijet 

ATLAS Internal
-1 = 13 TeV, 136 fbs

50 GeV6>
T

Subleading, p

80 100 120 140 160 180 200
Jet mass [GeV]

0.5
1

1.5

D
at

a/
Pr

ed
.

Total uncert.

80 100 120 140 160 180 200
Jet mass [GeV]

0
20
40
60
80

100
120
140
160
180
200

Ev
en

ts
 / 

5 
G

eV

Higgs
0.05)×Z+jets (
0.05)×W+jets (

0.05)×Top (
0.005)×Multijet (

ATLAS Preliminary
-1= 13 TeV, 136 fbs

50 GeV2>
T

SR subleading jet p

(c) pT > 650 GeV

Figure 5: Comparison of the multijet shapes from the di�erent pT-binned analysis regions. The solid lines show the
multijet function shape after a fit to the SR (gray) and VR (blue). The solid points are the data from VR slices with
the same number of events as the SR. The 250 < pT < 450 GeV region is only populated in the subleading jet SR.

A procedure to choose the optimal N for each region utilizes three metrics evaluated with the VRhyb
collection. First, a log-likelihood ratio (LLR) test compares the result of an N-parameter fit (null hypothesis)
to an N + 1-parameter fit (alternative hypothesis) in each VRhyb slice without any injected SM resonances.
By Wilks’ theorem, the likelihood ratio follows an asymptotic �2 distribution when the data corresponds
to the null hypothesis. The corresponding distribution of p-values is flat. The smallest N that yields a
uniform distribution of p-values is selected.

The LLR test ensures a good description of the data over the full mass range, but resonance measurements
are sensitive to local e�ects. Two rate tests sensitive to local e�ects rely on the fit result of a free
normalization parameter and its associated error (generalized as µVR ±�VR

stat ) on either the Z + jets process
or the Higgs boson process. Both utilize VRhyb slices with all SR resonances injected at the SM rates. F2� ,
the fraction of results where |µVR � 1| is beyond twice its error �VR

stat , estimates the probability that the
multijet model allows a substantial artificial excess or deficit. A 2� threshold ensures some results from
the full set of VR slices cross the boundary. µ/� is the average value of (µVR � 1)/�VR

stat and indicates a
bias in determining the signal strength. N chosen by the LLR test is incremented until F2� is compatible
with 0.05, and µ/� stabilizes for both Z + jets and H production. The resultant N agrees when including
systematic uncertainties and when not injecting the Z + jets and H processes into the VRhyb slices, with
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di�erences between the two regions as is shown in Figure 5. Each VRi

hyb slice is:

VRi

hyb = (VRi � VVR � TopVR) ⇥
✓
MJSR
MJVR

◆
+ VSR + TopSR + HSR,

where VRi is the full distribution in a VR slice and VSR, TopSR, and HSR are the nominal MC predictions
for V+ jets, Top, and H production, respectively.
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Figure 5: Comparison of the multijet shapes from the di�erent pT-binned analysis regions. The solid lines show the
multijet function shape after a fit to the SR (gray) and VR (blue). The solid points are the data from VR slices with
the same number of events as the SR. The 250 < pT < 450 GeV region is only populated in the subleading jet SR.

A procedure to choose the optimal N for each region utilizes three metrics evaluated with the VRhyb
collection. First, a log-likelihood ratio (LLR) test compares the result of an N-parameter fit (null hypothesis)
to an N + 1-parameter fit (alternative hypothesis) in each VRhyb slice without any injected SM resonances.
By Wilks’ theorem, the likelihood ratio follows an asymptotic �2 distribution when the data corresponds
to the null hypothesis. The corresponding distribution of p-values is flat. The smallest N that yields a
uniform distribution of p-values is selected.

The LLR test ensures a good description of the data over the full mass range, but resonance measurements
are sensitive to local e�ects. Two rate tests sensitive to local e�ects rely on the fit result of a free
normalization parameter and its associated error (generalized as µVR ±�VR

stat ) on either the Z + jets process
or the Higgs boson process. Both utilize VRhyb slices with all SR resonances injected at the SM rates. F2� ,
the fraction of results where |µVR � 1| is beyond twice its error �VR

stat , estimates the probability that the
multijet model allows a substantial artificial excess or deficit. A 2� threshold ensures some results from
the full set of VR slices cross the boundary. µ/� is the average value of (µVR � 1)/�VR

stat and indicates a
bias in determining the signal strength. N chosen by the LLR test is incremented until F2� is compatible
with 0.05, and µ/� stabilizes for both Z + jets and H production. The resultant N agrees when including
systematic uncertainties and when not injecting the Z + jets and H processes into the VRhyb slices, with
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QCD Multijet Background Modeling

￼18

• Hybrid VR as best available proxy for SR 

• ‘Ensemble tests’ using modified VR subsets with 

roughly the same number of events as the 

corresponding SR 


• VR resonance peaks replaced with the SM prediction 

from the SR and correcting the underlying Multijet 

shape for SR acceptance effects  

• A procedure to choose the optimal N for each region by 

means of three metrics: LLR test (N vs. N+1), 2σ outliers & 

average μ/σstat 


• Spurious signal systematic uncertainty and ranges from 

0.01–0.33 for H & 0.15–0.65 for Z in average μ/σstat units 

• Minor impact on the sensitivity

ATLAS DRAFT

between the two regions as is shown in Figure 5. Each VRi

hyb slice is:378

VRi

hyb = (VRi � VVR � tt̄VR) ⇥
✓
MJSR
MJVR

◆
+ VSR + tt̄SR + HSR,

where VRi is the full distribution in a VR slice and VSR, tt̄SR, and HSR are the nominal MC predictions for379

V+ jets, tt̄, and H production, respectively.380
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Figure 5: Comparison of the multijet shapes from the di�erent pT-binned analysis regions. The solid lines show the
multijet function shape after a fit to the SR (gray) and VR (blue). The solid points are the data from VR slices with
the same number of events as the SR. The 250 < pT < 450 GeV region is only populated in the subleading jet SR.

A procedure to choose the optimal N for each region utilizes three metrics evaluated with the VRhyb381

collection. First, a log-likelihood ratio (LLR) test compares the result of an N-parameter fit (null hypothesis)382

to an N + 1-parameter fit (alternative hypothesis) in each VRhyb slice without any injected SM resonances.383

By Wilks’ theorem, the likelihood ratio follows an asymptotic �2 distribution when the data corresponds384

to the null hypothesis. The corresponding distribution of p-values is flat. The smallest N that yields a385

uniform distribution of p-values is selected.386

The LLR test ensures a good description of the data over the full mass range, but resonance measurements387

are sensitive to local e�ects. Two rate tests sensitive to local e�ects rely on the fit result of a free388

normalization parameter and its associated error (generalized as µVR ±�VR
stat ) on either the Z + jets process389

or the Higgs boson process. Both utilize VRhyb slices with all SR resonances injected at the SM rates. F2� ,390

the fraction of results where |µVR � 1| is beyond twice its error �VR
stat , estimates the probability that the391

multijet model allows substantial artificial excess or deficit. A 2� threshold ensures some results from the392

full set of VR slices cross the boundary. µ/� is the average value of (µVR � 1)/�VR
stat and indicates a bias in393

determining the signal strength. N is incremented until F2� is compatible with 0.05, and µ/� stabilizes for394

both Z + jets and H production. The resultant N agrees when including systematic uncertainties and when395
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• Signal yields extracted minimising NLL with 
RooStats


• Fits performed to full large-R jet mass 
range [70/5,210] GeV & with 5-GeV bin 
width (RooFit developments to fix NLL bias)


• Limits on the Higgs production rate derived 
using the CLs method


• H/Z->bb STXS: H/Z+j contribution binned in 
truth-pT bins: [300,450], [450,650], [650,inf] GeV 
, [0,300] GeV fixed to SM 

• Systematic uncertainties included as 
constrained parameters; normalisation of MC 
templates within each reco-pT region or fiducial 
volume & QCD parameters floating 

• W+j contribution fixed to SM prediction 
within uncertainties (+/-10% Gaussian prior)


• Table: systematic variations included in fits

Statistical Analysis (Details)

￼19

ATLAS DRAFT

Table 4: A summary of the systematic uncertainties included within the profile likelihood for the H and Z signal
strength extraction. For a given uncertainty, the second column lists each process which has independent nuisance
parameters within the likelihood. The third column describes how the systematic uncertainty is correlated across
regions: “all” indicates a fully correlated parameter, “pT bins” indicates a decorrelation between the analysis pT bins,
and “LS” means it is decorrelated between the SRL and SRS. For the inclusive analysis, “bins” does not apply, and
should be understood to mean the same as “all”. The fourth column describes the change induced by the parameter.
“S” means the mJ shape will change while “N” denotes parameters which change the normalization and can result in
a migration of events between regions. (⇤) Two minor components separately apply to tt̄ and V+ jets events. (•)
The spurious signal uncertainty is only applied to Z + jets when the procedure to extract signal strengths in fiducial
volumes is tested using Z + jets events in the SR.

Description Processes Category E�ect

Experimental Systematic Uncertainties

JMR tt̄, V+ jets, H pT bins N+S
JMS (dominant) tt̄, V+ jets, H pT bins N+S
JMS (rest) tt̄, V+ jets +H all N+S
Jet energy scale all(⇤) all N+S
Jet energy resolution all all N+S
b-tag e�ciency b-jets all all N+S
b-tag e�ciency c-jets all all N+S
b-tag e�ciency l-jets all all N+S

Modeling Systematic Uncertainties

Cross-section and acceptance W+ jets all N
Renormalization and factorization scale V+ jets all N+S
Parton shower model tt̄ all N+S
Matrix element calculation tt̄ all N+S
Initial-/Final-state radiation tt̄ all N+S
Acceptance H all N

NLO EW corrections VBF+VH+tt̄H all N
V+ jets all N

Spurious signal H p
H

T bins ⇥ LS N
Z + jets (•)

p
Z

T bins ⇥ LS N

9 Results424

The analysis regions designed to probe Higgs boson production with considerable transverse momentum425

are summarized in Table 5. They provide one all-encompassing region to determine the H signal strength,426

two regions for fiducial cross-section measurements, and three bins for a di�erential measurement.427

All H events are considered for the signal strength extraction. For the fiducial and di�erential measurements,428

the signal strength(s) within the fiducial volume(s) defined by requirements on the generator ‘truth’ record429

detailed below, are used. The cross sections are derived from the fitted signal yields divided by the430

integrated luminosity corrected by the product of the estimated selection e�ciency and fiducial acceptance.431

The yield of signal events outside the targeted fiducial volume(s) are constrained to their SM prediction432

within the theoretical and experimental uncertainties.433
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V+j NNLO QCD k-Factors

￼20

• Sherpa 2.2.8 V+j is generated @NLO in QCD, on-the-fly NLO EW corrections 
applied


• NNLOJET calculations, @NNLO in QCD, limited to 8 TeV


• Help from Alexander Huss & the NNLOJET group to get NNLO QCD k-factors in 
our fiducial region


• NNLO k-factor computed for the three kinematical bins of the analysis  

• pT-averaged k-factors, rather flat NNLOJET results sampled with the pT  
spectrum for each analysis region  

http://dx.doi.org/10.22323/1.303.0041

