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Emphasis on answering these.  
Focus on what could be improved  / Differences in approach.

Why HH ?  
Why hadronic HH ? 

Experimental Challenges:  
   - Trigger  
   - Background Modeling

Outline

!2

- How do we design future analyses to fully utilize a doubled dataset, beyond statistics ?  
- What lessons have been learned from Run 2 analyses ? How do we apply them to Run 3?  
- What new SM measurements would you like to see ?  
- How would you like to see measurements improved beyond the current state-of-the-art?  
- How might we benefit the most by using new triggers or trigger techniques?  
- How can novel ideas from ML be utilized in the analysis of data? 

Themes from organizers:



Why HH ?

!3

HH production interesting because sensitive to λ 
Measuring λ important because it probes the shape of the Higgs potential 
   Shape of potential gives relationship between λ and mH and v
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Figure 1: Feynman diagrams for double Higgs production via gluon fusion (an additional contribution comes
from the crossing of the box diagram). The last diagram contains the new non-linear Higgs interaction tt̄hh.

fermions in the spinorial (MCHM4 [27]) and fundamental (MCHM5 [28]) representations one gets

c = d3 =
p
1� ⇠ , c2 = �⇠

2
, MCHM4, spinorial representation , (6)

c = d3 =
1� 2⇠p
1� ⇠

, c2 = �2⇠ , MCHM5, fundamental representation . (7)

Equations (5), (6) and (7) account for the value of the Higgs couplings as due to the non-linearities

of the chiral Lagrangian. The exchange of new heavy particles can however give further corrections

to these expressions. In the following we will neglect these e↵ects since they are parametrically

subleading [37], although they can be numerically important when the top or bottom degree of

compositeness becomes large [38]. This is especially justified considering that in minimal composite

Higgs models with partial compositeness these additional corrections to the couplings do not a↵ect

the gg ! h rate because they are exactly canceled by the contribution from loops of heavy fermions,

as first observed in Refs. [39, 37] and explained in Ref. [38]. For double Higgs production we

expect this cancellation to occur only in the limit of vanishing momentum of the Higgs external

lines. In general, numerically important contributions might come from light top partners (light

custodians). In models with partial compositeness, where the dominant contribution to the Higgs

potential comes from top loops, the presence of light fermionic resonances is essential to obtain

a light Higgs [28, 40]. In particular, mh ' 120 � 130 GeV requires top partners around or below

1 TeV. It would be interesting to analyze in detail their e↵ects on double Higgs production.

3 Double Higgs production via gluon fusion

In the scenario we are considering, the leading-order contributions to the process gg ! hh come

from Feynman diagrams containing a top-quark loop. The three relevant diagrams are shown

in Fig. 1, and can be computed by using the results of Ref. [21]. We have implemented the

automatic computation of the matrix element as one of the processes of the ALPGEN MonteCarlo

generator [35]. The code will be made public with the next o�cial release of ALPGEN, and it allows
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HH Small in Standard Model.
λ

Just seeing HH is hard … real goal is to constrain λ

�HH ⇠ 10�3�H
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Figure 1: Feynman diagrams for double Higgs production via gluon fusion (an additional contribution comes
from the crossing of the box diagram). The last diagram contains the new non-linear Higgs interaction tt̄hh.

fermions in the spinorial (MCHM4 [27]) and fundamental (MCHM5 [28]) representations one gets
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Equations (5), (6) and (7) account for the value of the Higgs couplings as due to the non-linearities

of the chiral Lagrangian. The exchange of new heavy particles can however give further corrections

to these expressions. In the following we will neglect these e↵ects since they are parametrically

subleading [37], although they can be numerically important when the top or bottom degree of

compositeness becomes large [38]. This is especially justified considering that in minimal composite

Higgs models with partial compositeness these additional corrections to the couplings do not a↵ect

the gg ! h rate because they are exactly canceled by the contribution from loops of heavy fermions,

as first observed in Refs. [39, 37] and explained in Ref. [38]. For double Higgs production we

expect this cancellation to occur only in the limit of vanishing momentum of the Higgs external

lines. In general, numerically important contributions might come from light top partners (light

custodians). In models with partial compositeness, where the dominant contribution to the Higgs

potential comes from top loops, the presence of light fermionic resonances is essential to obtain

a light Higgs [28, 40]. In particular, mh ' 120 � 130 GeV requires top partners around or below

1 TeV. It would be interesting to analyze in detail their e↵ects on double Higgs production.

3 Double Higgs production via gluon fusion

In the scenario we are considering, the leading-order contributions to the process gg ! hh come

from Feynman diagrams containing a top-quark loop. The three relevant diagrams are shown

in Fig. 1, and can be computed by using the results of Ref. [21]. We have implemented the

automatic computation of the matrix element as one of the processes of the ALPGEN MonteCarlo

generator [35]. The code will be made public with the next o�cial release of ALPGEN, and it allows
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Figure 1.10: Higgs boson pair invariant mass distributions at 14 TeV for (left) positive small values
of ∑∏ and (right) larger or negative values of ∑∏ [64].

Figure 1.11: Normalised Higgs boson pair invariant mass distributions at 14 TeV for (left) positive
small values of ∑∏ and (right) larger or negative values of ∑∏ [64].

1.4 Differential predictions and MC generators for gluon fusion
G. Heinrich, S.P. Jones, M. Kerner, S. Kuttimalai, E. Vryonidou

The non-resonant production of a pair of Higgs bosons in gluon fusion is available within several
public Monte Carlo programs. Currently, the most sophisticated predictions which include a parton
shower are based on the NLO matrix-element including a finite top quark mass [17, 18]. The fixed-
order result was recently re-calculated and extended to allow also for a running top quark mass [19].
The NLO calculation was first interfaced to the POWHEG-BOX [67, 68] and MG5_aMC@NLO [48, 80]
in Ref. [52], and to SHERPA [81] in Ref. [53].

The matching and parton shower uncertainties have been extensively studied in the litera-
ture [52, 53, 82], and were found to be large for certain observables. Similar effects have been ob-
served in other processes including the production of a Higgs boson in gluon fusion [83, 84] and
Z-boson pair production in gluon fusion [85].

Here, we briefly review the current status of these uncertainties focusing on one of the most sen-
sitive distributions (the pT of the di-Higgs boson system). We will summarise the MC@NLO [86] and
POWHEG [66] matching schemes used in the literature. Results obtained from the POWHEG-BOX,
MG5_aMC@NLO and SHERPA implementations and via analytic resummation [87] are compared.
The shower uncertainty observed for the POWHEG-BOX implementation will also be discussed.

20 Chapter 1. HH cross section predictions

Figure 1.12: Higgs boson transverse momentum distributions at 14 TeV for the considered ∑∏ values
[64].

Figure 1.13: 3-dimensional visualisation of the mH H distribution at 14 TeV, as a function of ∑∏ and
mH H [64].

Parton Shower Matching

Already in a pure fixed-order NLO calculation there are contributions in both the Born phase space
¡B and in the real emission phase space ¡R =¡B £¡1. In a parton shower matched calculation, we
denote them by B̄(¡B ) and H(¡R ), respectively:

B̄(¡B ) = B(¡B )+V (¡B )+
Z

D(¡R )£(µ2
PS ° t (¡R ))d¡1, (1.10)

H(¡R ) = R(¡R )°D(¡R )£(µ2
PS ° t (¡R )) . (1.11)

In Eqs. (1.10) and (1.11), B denotes the leading-order contributions, V the UV-subtracted virtual
corrections, R the real-emission corrections, and D the differential infrared subtraction terms. The
scaleµPS is the parton shower starting scale and t (¡R ) is the evolution variable of the parton shower.
Through variations of µPS, contributions can be shuffled around between B̄ and H while leaving
their sum constant.

When considering Eqs. (1.10) and (1.11) by themselves, real emission configurations are gen-
erated only in H events. Furthermore, the emissions are suppressed in the phase space region

mHH pTH

https://arxiv.org/abs/1910.00012
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Figure 1: Feynman diagrams for double Higgs production via gluon fusion (an additional contribution comes
from the crossing of the box diagram). The last diagram contains the new non-linear Higgs interaction tt̄hh.
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to these expressions. In the following we will neglect these e↵ects since they are parametrically

subleading [37], although they can be numerically important when the top or bottom degree of

compositeness becomes large [38]. This is especially justified considering that in minimal composite

Higgs models with partial compositeness these additional corrections to the couplings do not a↵ect

the gg ! h rate because they are exactly canceled by the contribution from loops of heavy fermions,
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expect this cancellation to occur only in the limit of vanishing momentum of the Higgs external

lines. In general, numerically important contributions might come from light top partners (light

custodians). In models with partial compositeness, where the dominant contribution to the Higgs

potential comes from top loops, the presence of light fermionic resonances is essential to obtain

a light Higgs [28, 40]. In particular, mh ' 120 � 130 GeV requires top partners around or below

1 TeV. It would be interesting to analyze in detail their e↵ects on double Higgs production.

3 Double Higgs production via gluon fusion

In the scenario we are considering, the leading-order contributions to the process gg ! hh come

from Feynman diagrams containing a top-quark loop. The three relevant diagrams are shown

in Fig. 1, and can be computed by using the results of Ref. [21]. We have implemented the

automatic computation of the matrix element as one of the processes of the ALPGEN MonteCarlo

generator [35]. The code will be made public with the next o�cial release of ALPGEN, and it allows
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Figure 1.10: Higgs boson pair invariant mass distributions at 14 TeV for (left) positive small values
of ∑∏ and (right) larger or negative values of ∑∏ [64].

Figure 1.11: Normalised Higgs boson pair invariant mass distributions at 14 TeV for (left) positive
small values of ∑∏ and (right) larger or negative values of ∑∏ [64].

1.4 Differential predictions and MC generators for gluon fusion
G. Heinrich, S.P. Jones, M. Kerner, S. Kuttimalai, E. Vryonidou

The non-resonant production of a pair of Higgs bosons in gluon fusion is available within several
public Monte Carlo programs. Currently, the most sophisticated predictions which include a parton
shower are based on the NLO matrix-element including a finite top quark mass [17, 18]. The fixed-
order result was recently re-calculated and extended to allow also for a running top quark mass [19].
The NLO calculation was first interfaced to the POWHEG-BOX [67, 68] and MG5_aMC@NLO [48, 80]
in Ref. [52], and to SHERPA [81] in Ref. [53].

The matching and parton shower uncertainties have been extensively studied in the litera-
ture [52, 53, 82], and were found to be large for certain observables. Similar effects have been ob-
served in other processes including the production of a Higgs boson in gluon fusion [83, 84] and
Z-boson pair production in gluon fusion [85].

Here, we briefly review the current status of these uncertainties focusing on one of the most sen-
sitive distributions (the pT of the di-Higgs boson system). We will summarise the MC@NLO [86] and
POWHEG [66] matching schemes used in the literature. Results obtained from the POWHEG-BOX,
MG5_aMC@NLO and SHERPA implementations and via analytic resummation [87] are compared.
The shower uncertainty observed for the POWHEG-BOX implementation will also be discussed.
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Figure 1.12: Higgs boson transverse momentum distributions at 14 TeV for the considered ∑∏ values
[64].

Figure 1.13: 3-dimensional visualisation of the mH H distribution at 14 TeV, as a function of ∑∏ and
mH H [64].

Parton Shower Matching

Already in a pure fixed-order NLO calculation there are contributions in both the Born phase space
¡B and in the real emission phase space ¡R =¡B £¡1. In a parton shower matched calculation, we
denote them by B̄(¡B ) and H(¡R ), respectively:

B̄(¡B ) = B(¡B )+V (¡B )+
Z

D(¡R )£(µ2
PS ° t (¡R ))d¡1, (1.10)

H(¡R ) = R(¡R )°D(¡R )£(µ2
PS ° t (¡R )) . (1.11)

In Eqs. (1.10) and (1.11), B denotes the leading-order contributions, V the UV-subtracted virtual
corrections, R the real-emission corrections, and D the differential infrared subtraction terms. The
scaleµPS is the parton shower starting scale and t (¡R ) is the evolution variable of the parton shower.
Through variations of µPS, contributions can be shuffled around between B̄ and H while leaving
their sum constant.

When considering Eqs. (1.10) and (1.11) by themselves, real emission configurations are gen-
erated only in H events. Furthermore, the emissions are suppressed in the phase space region

mHH pTH
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Figure 2: Upper limits at 95% CL on the cross-section of the ggF SM HH production normalised to its SM
expectation �SM

ggF(pp ! HH) from the bb̄⌧+⌧�, bb̄bb̄, bb̄��, W
+
W

�
W
+
W

�, W
+
W

��� and bb̄W
+
W

� searches, and
their statistical combination. The column “Obs.” lists the observed limits, “Exp.” the expected limits with all
statistical and systematic uncertainties, and “Exp. stat.” the expected limits obtained including only statistical
uncertainties in the fit.

the ⌧-lepton reconstruction and identification. When removed the limit reduces by 5%, 3% and 2%,
respectively.

5 Constraints on the Higgs boson self-coupling

The results in Figure 2 show that the sensitivity of the SM HH search is driven by the final states bb̄bb̄,
bb̄⌧+⌧� and bb̄��. These final states are used to set constraints on the Higgs boson self-coupling modifier
� = �HHH/�SM

HHH
. After setting all couplings to fermions and bosons to their SM values, a scan of the

self-coupling modifier � is performed. The � factor a�ects both the production cross-section and the
kinematic distributions of the Higgs boson pairs, by modifying the A2 production amplitude. It can also
a�ect the Higgs boson branching fractions due to NLO electroweak corrections [20], but this dependence
is neglected in the following.

The signal used in the � fit was simulated according to the following procedure. For each value
of � the mHH spectrum is computed at the generator-level, using the leading-order (LO) version of
M��G����5_�MC@NLO [59] with the NNPDF 2.3 LO [65] PDF set, together with P����� 8.2 [66] for
the showering model using the A14 tune [67]. Because only one amplitude of Higgs boson pair production
depends on �, linear combinations of three LO samples generated with di�erent values of � are su�cient
to make predictions for any value of �. Binned ratios of the mHH distributions to the SM distribution are
computed for all � values and then used to reweight the events of NLO SM HH signal samples, generated
using the full detector simulation. This procedure is validated by comparing kinematic distributions
obtained with the reweighting procedure applied to the LO SM sample and LO samples generated with the
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the ⌧-lepton reconstruction and identification. When removed the limit reduces by 5%, 3% and 2%,
respectively.

5 Constraints on the Higgs boson self-coupling

The results in Figure 2 show that the sensitivity of the SM HH search is driven by the final states bb̄bb̄,
bb̄⌧+⌧� and bb̄��. These final states are used to set constraints on the Higgs boson self-coupling modifier
� = �HHH/�SM

HHH
. After setting all couplings to fermions and bosons to their SM values, a scan of the

self-coupling modifier � is performed. The � factor a�ects both the production cross-section and the
kinematic distributions of the Higgs boson pairs, by modifying the A2 production amplitude. It can also
a�ect the Higgs boson branching fractions due to NLO electroweak corrections [20], but this dependence
is neglected in the following.

The signal used in the � fit was simulated according to the following procedure. For each value
of � the mHH spectrum is computed at the generator-level, using the leading-order (LO) version of
M��G����5_�MC@NLO [59] with the NNPDF 2.3 LO [65] PDF set, together with P����� 8.2 [66] for
the showering model using the A14 tune [67]. Because only one amplitude of Higgs boson pair production
depends on �, linear combinations of three LO samples generated with di�erent values of � are su�cient
to make predictions for any value of �. Binned ratios of the mHH distributions to the SM distribution are
computed for all � values and then used to reweight the events of NLO SM HH signal samples, generated
using the full detector simulation. This procedure is validated by comparing kinematic distributions
obtained with the reweighting procedure applied to the LO SM sample and LO samples generated with the
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their statistical combination. The column “Obs.” lists the observed limits, “Exp.” the expected limits with all
statistical and systematic uncertainties, and “Exp. stat.” the expected limits obtained including only statistical
uncertainties in the fit.

the ⌧-lepton reconstruction and identification. When removed the limit reduces by 5%, 3% and 2%,
respectively.

5 Constraints on the Higgs boson self-coupling

The results in Figure 2 show that the sensitivity of the SM HH search is driven by the final states bb̄bb̄,
bb̄⌧+⌧� and bb̄��. These final states are used to set constraints on the Higgs boson self-coupling modifier
� = �HHH/�SM

HHH
. After setting all couplings to fermions and bosons to their SM values, a scan of the

self-coupling modifier � is performed. The � factor a�ects both the production cross-section and the
kinematic distributions of the Higgs boson pairs, by modifying the A2 production amplitude. It can also
a�ect the Higgs boson branching fractions due to NLO electroweak corrections [20], but this dependence
is neglected in the following.

The signal used in the � fit was simulated according to the following procedure. For each value
of � the mHH spectrum is computed at the generator-level, using the leading-order (LO) version of
M��G����5_�MC@NLO [59] with the NNPDF 2.3 LO [65] PDF set, together with P����� 8.2 [66] for
the showering model using the A14 tune [67]. Because only one amplitude of Higgs boson pair production
depends on �, linear combinations of three LO samples generated with di�erent values of � are su�cient
to make predictions for any value of �. Binned ratios of the mHH distributions to the SM distribution are
computed for all � values and then used to reweight the events of NLO SM HH signal samples, generated
using the full detector simulation. This procedure is validated by comparing kinematic distributions
obtained with the reweighting procedure applied to the LO SM sample and LO samples generated with the
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Figure 21: Negative natural logarithm of the ratio of the maximum likelihood for � to the maximum likelihood for
� = 1 for (left) the fits with only statistical uncertainties and (right) the fits with both statistical and systematic
uncertainties. The dashed lines at � ln(L�/L�=1) = 0.5 and 2.0 indicate the values corresponding to a 1� and 2�
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Scenario 1� CI 2� CI
No systematic uncertainties �0.1 < � < 2.4 �1.1 < � < 8.1
Systematic uncertainties included �0.2 < � < 2.5 �1.4 < � < 8.2

Table 13: Constraints on � from the likelihood ratio test performed on the Asimov dataset created from the
backgrounds and the SM HH signal, as shown in Figure 21. Results are presented as a 1� and 2� CI on � when
considering only statistical uncertainties and when including systematic uncertainties.

34

2σ evidence for HH

bbγγ projection HL-LHC

https://cds.cern.ch/record/2652727

https://cds.cern.ch/record/2652727


!10

-810

-710

-610

-510

-410

-310

-210

-110

1

bb WW gg oo cc ZZ aa aZ µµ

µµ

aZ

aa

ZZ

cc

oo

gg
WW

bb 33%

3e-3

7%

25%

Phenomenologically rich set of final states.  hh-Br
Larger Br-h 

 decay

Rarer Br-h decay

Why Hadronic HH ?
hh-Br

10 210 310 410 510
ggF
SMσ HH) normalised to → (pp ggFσ95% CL upper limit on 

Combined

-W+Wb b→HH

γγ
-W+ W→HH

-W+W-W+ W→HH

γγb b→HH

bbb b→HH

-τ+τb b→HH 12.5 15 12

12.9 21 18

20.3 26 26

160 120 77

230 170 160

305 305 240

6.9 10 8.8

Obs. Exp. Exp. stat.

Observed
Expected

σ 1±Expected 
σ 2±Expected 

ATLAS
-1 = 13 TeV,  27.5 - 36.1 fbs

 HH) = 33.5 fb→ (pp ggF
SMσ

Figure 2: Upper limits at 95% CL on the cross-section of the ggF SM HH production normalised to its SM
expectation �SM
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� searches, and
their statistical combination. The column “Obs.” lists the observed limits, “Exp.” the expected limits with all
statistical and systematic uncertainties, and “Exp. stat.” the expected limits obtained including only statistical
uncertainties in the fit.

the ⌧-lepton reconstruction and identification. When removed the limit reduces by 5%, 3% and 2%,
respectively.

5 Constraints on the Higgs boson self-coupling

The results in Figure 2 show that the sensitivity of the SM HH search is driven by the final states bb̄bb̄,
bb̄⌧+⌧� and bb̄��. These final states are used to set constraints on the Higgs boson self-coupling modifier
� = �HHH/�SM

HHH
. After setting all couplings to fermions and bosons to their SM values, a scan of the

self-coupling modifier � is performed. The � factor a�ects both the production cross-section and the
kinematic distributions of the Higgs boson pairs, by modifying the A2 production amplitude. It can also
a�ect the Higgs boson branching fractions due to NLO electroweak corrections [20], but this dependence
is neglected in the following.

The signal used in the � fit was simulated according to the following procedure. For each value
of � the mHH spectrum is computed at the generator-level, using the leading-order (LO) version of
M��G����5_�MC@NLO [59] with the NNPDF 2.3 LO [65] PDF set, together with P����� 8.2 [66] for
the showering model using the A14 tune [67]. Because only one amplitude of Higgs boson pair production
depends on �, linear combinations of three LO samples generated with di�erent values of � are su�cient
to make predictions for any value of �. Binned ratios of the mHH distributions to the SM distribution are
computed for all � values and then used to reweight the events of NLO SM HH signal samples, generated
using the full detector simulation. This procedure is validated by comparing kinematic distributions
obtained with the reweighting procedure applied to the LO SM sample and LO samples generated with the

7

https://arxiv.org/abs/1906.02025

bbγγ - “solved” / but not enough 
bbbb - all hadronic  
bbττ - bbτhτh most important channel



!11

-810

-710

-610

-510

-410

-310

-210

-110

1

bb WW gg oo cc ZZ aa aZ µµ

µµ

aZ

aa

ZZ

cc

oo

gg
WW

bb 33%

3e-3

7%

25%

Phenomenologically rich set of final states.  hh-Br
Larger Br-h 

 decay

Rarer Br-h decay

Why Hadronic HH ?
hh-Br

10 210 310 410 510
ggF
SMσ HH) normalised to → (pp ggFσ95% CL upper limit on 

Combined

-W+Wb b→HH

γγ
-W+ W→HH

-W+W-W+ W→HH

γγb b→HH

bbb b→HH

-τ+τb b→HH 12.5 15 12

12.9 21 18

20.3 26 26

160 120 77

230 170 160

305 305 240

6.9 10 8.8

Obs. Exp. Exp. stat.

Observed
Expected

σ 1±Expected 
σ 2±Expected 

ATLAS
-1 = 13 TeV,  27.5 - 36.1 fbs

 HH) = 33.5 fb→ (pp ggF
SMσ
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the ⌧-lepton reconstruction and identification. When removed the limit reduces by 5%, 3% and 2%,
respectively.

5 Constraints on the Higgs boson self-coupling

The results in Figure 2 show that the sensitivity of the SM HH search is driven by the final states bb̄bb̄,
bb̄⌧+⌧� and bb̄��. These final states are used to set constraints on the Higgs boson self-coupling modifier
� = �HHH/�SM

HHH
. After setting all couplings to fermions and bosons to their SM values, a scan of the

self-coupling modifier � is performed. The � factor a�ects both the production cross-section and the
kinematic distributions of the Higgs boson pairs, by modifying the A2 production amplitude. It can also
a�ect the Higgs boson branching fractions due to NLO electroweak corrections [20], but this dependence
is neglected in the following.

The signal used in the � fit was simulated according to the following procedure. For each value
of � the mHH spectrum is computed at the generator-level, using the leading-order (LO) version of
M��G����5_�MC@NLO [59] with the NNPDF 2.3 LO [65] PDF set, together with P����� 8.2 [66] for
the showering model using the A14 tune [67]. Because only one amplitude of Higgs boson pair production
depends on �, linear combinations of three LO samples generated with di�erent values of � are su�cient
to make predictions for any value of �. Binned ratios of the mHH distributions to the SM distribution are
computed for all � values and then used to reweight the events of NLO SM HH signal samples, generated
using the full detector simulation. This procedure is validated by comparing kinematic distributions
obtained with the reweighting procedure applied to the LO SM sample and LO samples generated with the

7

https://arxiv.org/abs/1906.02025

bbγγ - “solved” / but not enough 
bbbb - all hadronic  
bbττ - bbτhτh most important channel



!12

-810

-710

-610

-510

-410

-310

-210

-110

1

bb WW gg oo cc ZZ aa aZ µµ

µµ

aZ

aa

ZZ

cc

oo

gg
WW

bb 33%

3e-3

7%

25%

Phenomenologically rich set of final states.  hh-Br
Larger Br-h 

 decay

Rarer Br-h decay

Why Hadronic HH ?
hh-Br

10 210 310 410 510
ggF
SMσ HH) normalised to → (pp ggFσ95% CL upper limit on 

Combined

-W+Wb b→HH

γγ
-W+ W→HH

-W+W-W+ W→HH

γγb b→HH

bbb b→HH

-τ+τb b→HH 12.5 15 12

12.9 21 18

20.3 26 26

160 120 77

230 170 160

305 305 240

6.9 10 8.8

Obs. Exp. Exp. stat.

Observed
Expected

σ 1±Expected 
σ 2±Expected 

ATLAS
-1 = 13 TeV,  27.5 - 36.1 fbs

 HH) = 33.5 fb→ (pp ggF
SMσ

Figure 2: Upper limits at 95% CL on the cross-section of the ggF SM HH production normalised to its SM
expectation �SM

ggF(pp ! HH) from the bb̄⌧+⌧�, bb̄bb̄, bb̄��, W
+
W

�
W
+
W

�, W
+
W

��� and bb̄W
+
W

� searches, and
their statistical combination. The column “Obs.” lists the observed limits, “Exp.” the expected limits with all
statistical and systematic uncertainties, and “Exp. stat.” the expected limits obtained including only statistical
uncertainties in the fit.

the ⌧-lepton reconstruction and identification. When removed the limit reduces by 5%, 3% and 2%,
respectively.

5 Constraints on the Higgs boson self-coupling

The results in Figure 2 show that the sensitivity of the SM HH search is driven by the final states bb̄bb̄,
bb̄⌧+⌧� and bb̄��. These final states are used to set constraints on the Higgs boson self-coupling modifier
� = �HHH/�SM

HHH
. After setting all couplings to fermions and bosons to their SM values, a scan of the

self-coupling modifier � is performed. The � factor a�ects both the production cross-section and the
kinematic distributions of the Higgs boson pairs, by modifying the A2 production amplitude. It can also
a�ect the Higgs boson branching fractions due to NLO electroweak corrections [20], but this dependence
is neglected in the following.

The signal used in the � fit was simulated according to the following procedure. For each value
of � the mHH spectrum is computed at the generator-level, using the leading-order (LO) version of
M��G����5_�MC@NLO [59] with the NNPDF 2.3 LO [65] PDF set, together with P����� 8.2 [66] for
the showering model using the A14 tune [67]. Because only one amplitude of Higgs boson pair production
depends on �, linear combinations of three LO samples generated with di�erent values of � are su�cient
to make predictions for any value of �. Binned ratios of the mHH distributions to the SM distribution are
computed for all � values and then used to reweight the events of NLO SM HH signal samples, generated
using the full detector simulation. This procedure is validated by comparing kinematic distributions
obtained with the reweighting procedure applied to the LO SM sample and LO samples generated with the
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the ⌧-lepton reconstruction and identification. When removed the limit reduces by 5%, 3% and 2%,
respectively.

5 Constraints on the Higgs boson self-coupling

The results in Figure 2 show that the sensitivity of the SM HH search is driven by the final states bb̄bb̄,
bb̄⌧+⌧� and bb̄��. These final states are used to set constraints on the Higgs boson self-coupling modifier
� = �HHH/�SM

HHH
. After setting all couplings to fermions and bosons to their SM values, a scan of the

self-coupling modifier � is performed. The � factor a�ects both the production cross-section and the
kinematic distributions of the Higgs boson pairs, by modifying the A2 production amplitude. It can also
a�ect the Higgs boson branching fractions due to NLO electroweak corrections [20], but this dependence
is neglected in the following.

The signal used in the � fit was simulated according to the following procedure. For each value
of � the mHH spectrum is computed at the generator-level, using the leading-order (LO) version of
M��G����5_�MC@NLO [59] with the NNPDF 2.3 LO [65] PDF set, together with P����� 8.2 [66] for
the showering model using the A14 tune [67]. Because only one amplitude of Higgs boson pair production
depends on �, linear combinations of three LO samples generated with di�erent values of � are su�cient
to make predictions for any value of �. Binned ratios of the mHH distributions to the SM distribution are
computed for all � values and then used to reweight the events of NLO SM HH signal samples, generated
using the full detector simulation. This procedure is validated by comparing kinematic distributions
obtained with the reweighting procedure applied to the LO SM sample and LO samples generated with the
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bbγγ - “solved” / but not enough 
bbbb - all hadronic  
bbττ - bbτhτh most important channel
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In following, will focus on 4b and bbτhτh
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5.1. H H ! bb̄bb̄: status and perspectives 123

Minor background contamination arising from t t̄ H , Z H , bb̄H do not show a signal-like BDT
distribution and their effect is found to be negligible in the selected data at the current level of
the search sensitivity. The systematic uncertainty associated to the shape and normalisation of the
background model affects the final result by about 9% and 30% respectively.

For the resonant signal extraction, a simultaneous fit to the mH H spectrum in the signal region
is used. The background model is validated in data in dedicated control regions with reduced b-
tag multiplicity [405]. Since the t t̄ contribution to the background exhibits a shape very similar
to that for the multi-jet process, it is implicitly included in the data driven estimate. The system-
atic uncertainty associated with the choice of the parametric background model is evaluated with
pseudo-datasets, generated from an alternative function and fitted with the nominal function to
evaluate the bias in the reconstructed signal strength. The measured bias impacts the expected
limit by 0.3–1.5 %.

Data-driven methods to estimate the backgrounds (dominantly multi-jet) are also used in the
boosted and semi-resolved regimes. The ATLAS result are obtained with the same approach ex-
ploited for the resolved analysis. The CMS results instead, rely on the smooth dependence, in back-
ground jets, of the specialised double°b tagging efficiency on the jet mass, introduced in Sec. 4.2.1.
This rate can be derived in sidebands of the Higgs boson mass and interpreted as a ratio of events
passing to events failing the requirement, so that it can be applied to events with the correct mass,
but failing the double-b tagging requirement. The dominant uncertainty in these searches is the
uncertainty associated to the substructure requirements for large-radius jet algorithms, which can
be as large as 20%.

5.1.2 Limitations of current analysis strategies

Both the ATLAS and CMS experiments face significant challenges related to the hardware and soft-
ware triggers. The current trigger efficiencies are limited at L1 for events with mH H / 500 GeV as
illustrated in Fig. 5.5.
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Figure 5.5: The ATLAS event-level trigger efficiencies for the various signal H H ! bb̄bb̄ hypothe-
ses [144].

At the HLT trigger level, maintaining good tracking performance to efficiently reconstruct sec-
ondary vertices without using excessive CPU resources is extremely challenging, as discussed in
Sec. 4.6. The required CPU time to perform online b-tagging grows non-linearly with pileup. In fact,
in the year 2017 and 2018 the trigger thresholds were increased and tracking algorithms optimised
to cope with high instantaneous luminosities, but new techniques will be required to accommodate
for the luminosity targets of Run 3. While ATLAS focused on providing a unified analysis strategy

ε wrt to signal region

https://arxiv.org/abs/1804.06174 
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Trigger L1 Seed L1 Rate HLT Rate

4j35 (2 b-tags) 4×J15 ~3.5 kHz ~60 Hz
(ATLAS)

4j45 (3 b-tags) 4xJ50 
HT300

~2.5 kHz 
~9 kHz ~30 Hz

(CMS)

(Rates scaled to L = 1.2⇥ 1034cm�2s�1
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/JetTriggerPublicResults
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Figure 24. E�ciency curves for the Level-1 jet trigger for the barrel + endcap (left) and forward (right)
pseudorapidity ranges.

To ensure consistent jet energy response, Level-1 jets are calibrated in bins of jet pT and ⌘,
since any loss or mismeasurement will depend on the energy of the jet and the material it traverses.
A dedicated LUT is derived from a QCD multijet simulation that returns a pT scale factor that is
applied to each jet. The LUT is derived by matching Level-1 jets to generator jets within�R < 0.25,
then fitting correction curves produced in bins of jet ⌘ of 1/hEL1

T /E
gen
T i as a function of hEL1

T i.
Figure 24 shows the performance of the Level-1 jet triggers in the combined barrel and endcap

region and in the forward region, measured using an independent data sample collected with a
single-muon trigger. The e�ciencies show a sharp turn-on and high e�ciency for a number of
thresholds, representative of those used in Run 2 for various single-jet and multijet seeds. Figure 25
shows the e�ciency curves for the Level-1 HT and E

miss
T triggers. The E

miss
T trigger e�ciency

is measured using events triggered by and reconstructed with a single muon, and is plotted as
a function of o�ine E

miss
T , which is the magnitude of the negative vector sum of the pT of all

calorimeter energy deposits, with |⌘ |  5.0.
Toward the end of 2016 data taking, an increase in the instantaneous luminosity revealed a

significantly nonlinear dependence of the E
miss
T rates on event pileup. For 2017 and 2018 data

taking, pileup mitigation was implemented and applied on an event-by-event basis to the E
miss
T

algorithm. The event pileup is estimated with the variable nTT (described in section 7.2) and is used
along with the TT ⌘ to retrieve from a LUT a pileup- and ⌘-dependent ET threshold below which
TTs do not enter the calculation of the E

miss
T . The LUT was derived using functions encoding the

pileup estimate, the TT ⌘, and the TT width in ⌘, since the pileup energy per TT increases with |⌘ |
and the TT size. The functional form and corresponding constant factors were optimized to give
the best trigger e�ciency, measured in single-muon triggered data, for a fixed rate calculated from
unbiased data. The LUT was also derived by calculating the average TT ET for each value of ⌘
from unbiased data, and this gave a similar performance to the function-based LUT.
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J90: ε ~ 50% at ~90 GeV

J120: ε ~ 50% at ~120 GeV

https://arxiv.org/abs/2006.10165
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Trigger L1 Seed L1 Rate HLT Rate

4j35 (2 b-tags) 4×J40* ~3 kHz ~40 Hz
(ATLAS)

4j45 (3 b-tags) 4xJ50 
HT300

~2.5 kHz 
~9 kHz ~30 Hz

(CMS)

* quoted at ε ~ 50% (Rates scaled to L = 1.2⇥ 1034cm�2s�1
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Trigger L1 Seed L1 Rate HLT Rate

4j35 (2 b-tags) 4×J40* ~3.2 kHz ~13 Hz
(ATLAS)

HT300 + 4j + 3b  
(75,60,45,40)

HT280 + 
J70/55/40/35 

4×J60 
~10 kHz 
~1 kHz ~10 Hz

(CMS)

(Rates scaled to L = 1.7⇥ 1034cm�2s�1
<latexit sha1_base64="jaWfAZDo+RjkTMVxItc+nHrWBpQ=">AAACF3icbVDLSgMxFM34rPU16tJNsAhuHCZVqBuh6MaFiwr2AZ1pyaSZNjTzIMkIZZi/cOOvuHGhiFvd+Tdm2llo64WEwzn3cu85XsyZVLb9bSwtr6yurZc2yptb2zu75t5+S0aJILRJIh6Jjocl5SykTcUUp51YUBx4nLa98XWutx+okCwK79Ukpm6AhyHzGcFKU33TcgKsRgTz9DaDlxBZNegoFlAJkd1Lz84zSIJeelrNpP5R1jcrtmVPCy4CVIAKKKrRN7+cQUSSgIaKcCxlF9mxclMsFCOcZmUnkTTGZIyHtKthiPVqN536yuCxZgbQj4R+oYJT9vdEigMpJ4GnO3MXcl7Lyf+0bqL8CzdlYZwoGpLZIj/hUEUwDwkOmKBE8YkGmAimb4VkhAUmSkdZ1iGgecuLoFW1kG2hO7tSvyriKIFDcAROAAI1UAc3oAGagIBH8AxewZvxZLwY78bHrHXJKGYOwJ8yPn8AlYedqA==</latexit><latexit sha1_base64="jaWfAZDo+RjkTMVxItc+nHrWBpQ=">AAACF3icbVDLSgMxFM34rPU16tJNsAhuHCZVqBuh6MaFiwr2AZ1pyaSZNjTzIMkIZZi/cOOvuHGhiFvd+Tdm2llo64WEwzn3cu85XsyZVLb9bSwtr6yurZc2yptb2zu75t5+S0aJILRJIh6Jjocl5SykTcUUp51YUBx4nLa98XWutx+okCwK79Ukpm6AhyHzGcFKU33TcgKsRgTz9DaDlxBZNegoFlAJkd1Lz84zSIJeelrNpP5R1jcrtmVPCy4CVIAKKKrRN7+cQUSSgIaKcCxlF9mxclMsFCOcZmUnkTTGZIyHtKthiPVqN536yuCxZgbQj4R+oYJT9vdEigMpJ4GnO3MXcl7Lyf+0bqL8CzdlYZwoGpLZIj/hUEUwDwkOmKBE8YkGmAimb4VkhAUmSkdZ1iGgecuLoFW1kG2hO7tSvyriKIFDcAROAAI1UAc3oAGagIBH8AxewZvxZLwY78bHrHXJKGYOwJ8yPn8AlYedqA==</latexit><latexit sha1_base64="jaWfAZDo+RjkTMVxItc+nHrWBpQ=">AAACF3icbVDLSgMxFM34rPU16tJNsAhuHCZVqBuh6MaFiwr2AZ1pyaSZNjTzIMkIZZi/cOOvuHGhiFvd+Tdm2llo64WEwzn3cu85XsyZVLb9bSwtr6yurZc2yptb2zu75t5+S0aJILRJIh6Jjocl5SykTcUUp51YUBx4nLa98XWutx+okCwK79Ukpm6AhyHzGcFKU33TcgKsRgTz9DaDlxBZNegoFlAJkd1Lz84zSIJeelrNpP5R1jcrtmVPCy4CVIAKKKrRN7+cQUSSgIaKcCxlF9mxclMsFCOcZmUnkTTGZIyHtKthiPVqN536yuCxZgbQj4R+oYJT9vdEigMpJ4GnO3MXcl7Lyf+0bqL8CzdlYZwoGpLZIj/hUEUwDwkOmKBE8YkGmAimb4VkhAUmSkdZ1iGgecuLoFW1kG2hO7tSvyriKIFDcAROAAI1UAc3oAGagIBH8AxewZvxZLwY78bHrHXJKGYOwJ8yPn8AlYedqA==</latexit><latexit sha1_base64="jaWfAZDo+RjkTMVxItc+nHrWBpQ=">AAACF3icbVDLSgMxFM34rPU16tJNsAhuHCZVqBuh6MaFiwr2AZ1pyaSZNjTzIMkIZZi/cOOvuHGhiFvd+Tdm2llo64WEwzn3cu85XsyZVLb9bSwtr6yurZc2yptb2zu75t5+S0aJILRJIh6Jjocl5SykTcUUp51YUBx4nLa98XWutx+okCwK79Ukpm6AhyHzGcFKU33TcgKsRgTz9DaDlxBZNegoFlAJkd1Lz84zSIJeelrNpP5R1jcrtmVPCy4CVIAKKKrRN7+cQUSSgIaKcCxlF9mxclMsFCOcZmUnkTTGZIyHtKthiPVqN536yuCxZgbQj4R+oYJT9vdEigMpJ4GnO3MXcl7Lyf+0bqL8CzdlYZwoGpLZIj/hUEUwDwkOmKBE8YkGmAimb4VkhAUmSkdZ1iGgecuLoFW1kG2hO7tSvyriKIFDcAROAAI1UAc3oAGagIBH8AxewZvxZLwY78bHrHXJKGYOwJ8yPn8AlYedqA==</latexit>

)* quoted at ε ~ 50%
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(ATLAS)

HT300 + 4j + 3b  
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HT280 + 
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Figure 25. E�ciency curves for the scalar sum of jet energy with ET�30 GeV (left) and missing transverse
energy (right) for various thresholds. The thresholds are indicated as L1 HT and L1 E

miss
T in the legends.
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Figure 26. E�ciency curves with and without pileup mitigation (PUM) applied are compared (left) for the
thresholds that give the same rate. These are shown as a function of the o�ine reconstructed particle flow
missing energy excluding muons (PF E

miss
T

,NoMu). Rate versus the average pileup per luminosity section is
shown (right) with and without pileup mitigation applied.
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(Rates scaled to L = 1.7⇥ 1034cm�2s�1
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)* quoted at ε ~ 50%

J200: ε ~ 50% at ~180 GeV

https://arxiv.org/abs/2006.10165
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(ATLAS)

HT300 + 4j + 3b  
(75,60,45,40)

HT260* + 
J70/55/40/35 
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(CMS)
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(Rates scaled to L = 1.7⇥ 1034cm�2s�1
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)* quoted at ε ~ 50%
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Trigger L1 Seed L1 Rate HLT Rate

4j35 (2 b-tags) 4×J40* ~3.2 kHz ~15 Hz
(ATLAS)

HT330 + 4j + 3b  
(75,60,45,40)

HT300* + 
J70/55/40/35 ~2.2 kHz ~12 Hz

(CMS)

(Rates scaled to L = 2.0⇥ 1034cm�2s�1
<latexit sha1_base64="ZxbDyr8quo3zlSQ6kRemn8ITCBQ=">AAACF3icbVDLSgMxFM3UV62vUZdugkVw45Cpgm6EohsXLirYB3SmJZNm2tDMgyQjlGH+wo2/4saFIm5159+YaWehrRcSDufcy73neDFnUiH0bZSWlldW18rrlY3Nre0dc3evJaNEENokEY9Ex8OSchbSpmKK004sKA48Ttve+DrX2w9USBaF92oSUzfAw5D5jGClqb5pOQFWI4J5epvBS1izEHQUC6iENuqlp2cZJEEvPallUv921jeryELTgovALkAVFNXom1/OICJJQENFOJaya6NYuSkWihFOs4qTSBpjMsZD2tUwxHq1m059ZfBIMwPoR0K/UMEp+3sixYGUk8DTnbkLOa/l5H9aN1H+hZuyME4UDclskZ9wqCKYhwQHTFCi+EQDTATTt0IywgITpaOs6BDsecuLoFWzbGTZd6havyriKIMDcAiOgQ3OQR3cgAZoAgIewTN4BW/Gk/FivBsfs9aSUczsgz9lfP4Ai8Odog==</latexit><latexit sha1_base64="ZxbDyr8quo3zlSQ6kRemn8ITCBQ=">AAACF3icbVDLSgMxFM3UV62vUZdugkVw45Cpgm6EohsXLirYB3SmJZNm2tDMgyQjlGH+wo2/4saFIm5159+YaWehrRcSDufcy73neDFnUiH0bZSWlldW18rrlY3Nre0dc3evJaNEENokEY9Ex8OSchbSpmKK004sKA48Ttve+DrX2w9USBaF92oSUzfAw5D5jGClqb5pOQFWI4J5epvBS1izEHQUC6iENuqlp2cZJEEvPallUv921jeryELTgovALkAVFNXom1/OICJJQENFOJaya6NYuSkWihFOs4qTSBpjMsZD2tUwxHq1m059ZfBIMwPoR0K/UMEp+3sixYGUk8DTnbkLOa/l5H9aN1H+hZuyME4UDclskZ9wqCKYhwQHTFCi+EQDTATTt0IywgITpaOs6BDsecuLoFWzbGTZd6havyriKIMDcAiOgQ3OQR3cgAZoAgIewTN4BW/Gk/FivBsfs9aSUczsgz9lfP4Ai8Odog==</latexit><latexit sha1_base64="ZxbDyr8quo3zlSQ6kRemn8ITCBQ=">AAACF3icbVDLSgMxFM3UV62vUZdugkVw45Cpgm6EohsXLirYB3SmJZNm2tDMgyQjlGH+wo2/4saFIm5159+YaWehrRcSDufcy73neDFnUiH0bZSWlldW18rrlY3Nre0dc3evJaNEENokEY9Ex8OSchbSpmKK004sKA48Ttve+DrX2w9USBaF92oSUzfAw5D5jGClqb5pOQFWI4J5epvBS1izEHQUC6iENuqlp2cZJEEvPallUv921jeryELTgovALkAVFNXom1/OICJJQENFOJaya6NYuSkWihFOs4qTSBpjMsZD2tUwxHq1m059ZfBIMwPoR0K/UMEp+3sixYGUk8DTnbkLOa/l5H9aN1H+hZuyME4UDclskZ9wqCKYhwQHTFCi+EQDTATTt0IywgITpaOs6BDsecuLoFWzbGTZd6havyriKIMDcAiOgQ3OQR3cgAZoAgIewTN4BW/Gk/FivBsfs9aSUczsgz9lfP4Ai8Odog==</latexit><latexit sha1_base64="ZxbDyr8quo3zlSQ6kRemn8ITCBQ=">AAACF3icbVDLSgMxFM3UV62vUZdugkVw45Cpgm6EohsXLirYB3SmJZNm2tDMgyQjlGH+wo2/4saFIm5159+YaWehrRcSDufcy73neDFnUiH0bZSWlldW18rrlY3Nre0dc3evJaNEENokEY9Ex8OSchbSpmKK004sKA48Ttve+DrX2w9USBaF92oSUzfAw5D5jGClqb5pOQFWI4J5epvBS1izEHQUC6iENuqlp2cZJEEvPallUv921jeryELTgovALkAVFNXom1/OICJJQENFOJaya6NYuSkWihFOs4qTSBpjMsZD2tUwxHq1m059ZfBIMwPoR0K/UMEp+3sixYGUk8DTnbkLOa/l5H9aN1H+hZuyME4UDclskZ9wqCKYhwQHTFCi+EQDTATTt0IywgITpaOs6BDsecuLoFWzbGTZd6havyriKIMDcAiOgQ3OQR3cgAZoAgIewTN4BW/Gk/FivBsfs9aSUczsgz9lfP4Ai8Odog==</latexit>

)* quoted at ε ~ 50%
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Trigger L1 Seed L1 Rate HLT Rate

4j35 (2 b-tags) 4×J40* ~3.2 kHz ~15 Hz
(ATLAS)

HT330 + 4j + 3b  
(75,60,45,40)

HT300* + 
J70/55/40/35 ~2.2 kHz ~12 Hz

(CMS)

(Rates scaled to L = 2.0⇥ 1034cm�2s�1
<latexit sha1_base64="ZxbDyr8quo3zlSQ6kRemn8ITCBQ=">AAACF3icbVDLSgMxFM3UV62vUZdugkVw45Cpgm6EohsXLirYB3SmJZNm2tDMgyQjlGH+wo2/4saFIm5159+YaWehrRcSDufcy73neDFnUiH0bZSWlldW18rrlY3Nre0dc3evJaNEENokEY9Ex8OSchbSpmKK004sKA48Ttve+DrX2w9USBaF92oSUzfAw5D5jGClqb5pOQFWI4J5epvBS1izEHQUC6iENuqlp2cZJEEvPallUv921jeryELTgovALkAVFNXom1/OICJJQENFOJaya6NYuSkWihFOs4qTSBpjMsZD2tUwxHq1m059ZfBIMwPoR0K/UMEp+3sixYGUk8DTnbkLOa/l5H9aN1H+hZuyME4UDclskZ9wqCKYhwQHTFCi+EQDTATTt0IywgITpaOs6BDsecuLoFWzbGTZd6havyriKIMDcAiOgQ3OQR3cgAZoAgIewTN4BW/Gk/FivBsfs9aSUczsgz9lfP4Ai8Odog==</latexit><latexit sha1_base64="ZxbDyr8quo3zlSQ6kRemn8ITCBQ=">AAACF3icbVDLSgMxFM3UV62vUZdugkVw45Cpgm6EohsXLirYB3SmJZNm2tDMgyQjlGH+wo2/4saFIm5159+YaWehrRcSDufcy73neDFnUiH0bZSWlldW18rrlY3Nre0dc3evJaNEENokEY9Ex8OSchbSpmKK004sKA48Ttve+DrX2w9USBaF92oSUzfAw5D5jGClqb5pOQFWI4J5epvBS1izEHQUC6iENuqlp2cZJEEvPallUv921jeryELTgovALkAVFNXom1/OICJJQENFOJaya6NYuSkWihFOs4qTSBpjMsZD2tUwxHq1m059ZfBIMwPoR0K/UMEp+3sixYGUk8DTnbkLOa/l5H9aN1H+hZuyME4UDclskZ9wqCKYhwQHTFCi+EQDTATTt0IywgITpaOs6BDsecuLoFWzbGTZd6havyriKIMDcAiOgQ3OQR3cgAZoAgIewTN4BW/Gk/FivBsfs9aSUczsgz9lfP4Ai8Odog==</latexit><latexit sha1_base64="ZxbDyr8quo3zlSQ6kRemn8ITCBQ=">AAACF3icbVDLSgMxFM3UV62vUZdugkVw45Cpgm6EohsXLirYB3SmJZNm2tDMgyQjlGH+wo2/4saFIm5159+YaWehrRcSDufcy73neDFnUiH0bZSWlldW18rrlY3Nre0dc3evJaNEENokEY9Ex8OSchbSpmKK004sKA48Ttve+DrX2w9USBaF92oSUzfAw5D5jGClqb5pOQFWI4J5epvBS1izEHQUC6iENuqlp2cZJEEvPallUv921jeryELTgovALkAVFNXom1/OICJJQENFOJaya6NYuSkWihFOs4qTSBpjMsZD2tUwxHq1m059ZfBIMwPoR0K/UMEp+3sixYGUk8DTnbkLOa/l5H9aN1H+hZuyME4UDclskZ9wqCKYhwQHTFCi+EQDTATTt0IywgITpaOs6BDsecuLoFWzbGTZd6havyriKIMDcAiOgQ3OQR3cgAZoAgIewTN4BW/Gk/FivBsfs9aSUczsgz9lfP4Ai8Odog==</latexit><latexit sha1_base64="ZxbDyr8quo3zlSQ6kRemn8ITCBQ=">AAACF3icbVDLSgMxFM3UV62vUZdugkVw45Cpgm6EohsXLirYB3SmJZNm2tDMgyQjlGH+wo2/4saFIm5159+YaWehrRcSDufcy73neDFnUiH0bZSWlldW18rrlY3Nre0dc3evJaNEENokEY9Ex8OSchbSpmKK004sKA48Ttve+DrX2w9USBaF92oSUzfAw5D5jGClqb5pOQFWI4J5epvBS1izEHQUC6iENuqlp2cZJEEvPallUv921jeryELTgovALkAVFNXom1/OICJJQENFOJaya6NYuSkWihFOs4qTSBpjMsZD2tUwxHq1m059ZfBIMwPoR0K/UMEp+3sixYGUk8DTnbkLOa/l5H9aN1H+hZuyME4UDclskZ9wqCKYhwQHTFCi+EQDTATTt0IywgITpaOs6BDsecuLoFWzbGTZd6havyriKIMDcAiOgQ3OQR3cgAZoAgIewTN4BW/Gk/FivBsfs9aSUczsgz9lfP4Ai8Odog==</latexit>

)* quoted at ε ~ 50%

CPU for tracking was a major constraint
One of the primary limitations in the trigger is HLT CPU usage 
     b-jet triggers are among largest user of HLT CPU 
Several major campaigns to reduce b-jet trigger CPU usage: 
    Implement 2-step tracking  / PV finding: trk PT 1 GeV → 5 GeV
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Trigger L1 Seed L1 Rate HLT Rate

2τ + j 
35/25 + 80

τ20(i) τ12(i) 
+J25 ~6  kHz ~35  Hz

2τ 35 2×τ30(i) ~12 kHz ~40 Hz

(Rates scaled to L = 1.2⇥ 1034cm�2s�1
<latexit sha1_base64="K/X5SxbknJrUA++Uk0h/60H/R4I=">AAACF3icbVDLSgMxFM3UV62vUZdugkVw4zCpgm6EohsXLirYB3SmJZNm2tDMgyQjlGH+wo2/4saFIm5159+YaWehrRcSDufcy73neDFnUtn2t1FaWl5ZXSuvVzY2t7Z3zN29lowSQWiTRDwSHQ9LyllIm4opTjuxoDjwOG174+tcbz9QIVkU3qtJTN0AD0PmM4KVpvqm5QRYjQjm6W0GLyGyatBRLKASIruXnp5lkAS99KSWSf2jrG9WbcueFlwEqABVUFSjb345g4gkAQ0V4VjKLrJj5aZYKEY4zSpOImmMyRgPaVfDEOvVbjr1lcEjzQygHwn9QgWn7O+JFAdSTgJPd+Yu5LyWk/9p3UT5F27KwjhRNCSzRX7CoYpgHhIcMEGJ4hMNMBFM3wrJCAtMlI6yokNA85YXQatmIdtCd3a1flXEUQYH4BAcAwTOQR3cgAZoAgIewTN4BW/Gk/FivBsfs9aSUczsgz9lfP4AjWKdow==</latexit><latexit sha1_base64="K/X5SxbknJrUA++Uk0h/60H/R4I=">AAACF3icbVDLSgMxFM3UV62vUZdugkVw4zCpgm6EohsXLirYB3SmJZNm2tDMgyQjlGH+wo2/4saFIm5159+YaWehrRcSDufcy73neDFnUtn2t1FaWl5ZXSuvVzY2t7Z3zN29lowSQWiTRDwSHQ9LyllIm4opTjuxoDjwOG174+tcbz9QIVkU3qtJTN0AD0PmM4KVpvqm5QRYjQjm6W0GLyGyatBRLKASIruXnp5lkAS99KSWSf2jrG9WbcueFlwEqABVUFSjb345g4gkAQ0V4VjKLrJj5aZYKEY4zSpOImmMyRgPaVfDEOvVbjr1lcEjzQygHwn9QgWn7O+JFAdSTgJPd+Yu5LyWk/9p3UT5F27KwjhRNCSzRX7CoYpgHhIcMEGJ4hMNMBFM3wrJCAtMlI6yokNA85YXQatmIdtCd3a1flXEUQYH4BAcAwTOQR3cgAZoAgIewTN4BW/Gk/FivBsfs9aSUczsgz9lfP4AjWKdow==</latexit><latexit sha1_base64="K/X5SxbknJrUA++Uk0h/60H/R4I=">AAACF3icbVDLSgMxFM3UV62vUZdugkVw4zCpgm6EohsXLirYB3SmJZNm2tDMgyQjlGH+wo2/4saFIm5159+YaWehrRcSDufcy73neDFnUtn2t1FaWl5ZXSuvVzY2t7Z3zN29lowSQWiTRDwSHQ9LyllIm4opTjuxoDjwOG174+tcbz9QIVkU3qtJTN0AD0PmM4KVpvqm5QRYjQjm6W0GLyGyatBRLKASIruXnp5lkAS99KSWSf2jrG9WbcueFlwEqABVUFSjb345g4gkAQ0V4VjKLrJj5aZYKEY4zSpOImmMyRgPaVfDEOvVbjr1lcEjzQygHwn9QgWn7O+JFAdSTgJPd+Yu5LyWk/9p3UT5F27KwjhRNCSzRX7CoYpgHhIcMEGJ4hMNMBFM3wrJCAtMlI6yokNA85YXQatmIdtCd3a1flXEUQYH4BAcAwTOQR3cgAZoAgIewTN4BW/Gk/FivBsfs9aSUczsgz9lfP4AjWKdow==</latexit><latexit sha1_base64="K/X5SxbknJrUA++Uk0h/60H/R4I=">AAACF3icbVDLSgMxFM3UV62vUZdugkVw4zCpgm6EohsXLirYB3SmJZNm2tDMgyQjlGH+wo2/4saFIm5159+YaWehrRcSDufcy73neDFnUtn2t1FaWl5ZXSuvVzY2t7Z3zN29lowSQWiTRDwSHQ9LyllIm4opTjuxoDjwOG174+tcbz9QIVkU3qtJTN0AD0PmM4KVpvqm5QRYjQjm6W0GLyGyatBRLKASIruXnp5lkAS99KSWSf2jrG9WbcueFlwEqABVUFSjb345g4gkAQ0V4VjKLrJj5aZYKEY4zSpOImmMyRgPaVfDEOvVbjr1lcEjzQygHwn9QgWn7O+JFAdSTgJPd+Yu5LyWk/9p3UT5F27KwjhRNCSzRX7CoYpgHhIcMEGJ4hMNMBFM3wrJCAtMlI6yokNA85YXQatmIdtCd3a1flXEUQYH4BAcAwTOQR3cgAZoAgIewTN4BW/Gk/FivBsfs9aSUczsgz9lfP4AjWKdow==</latexit>

)

(ATLAS)

(CMS)
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Trigger L1 Seed L1 Rate HLT Rate

2τ + j 
35/25 + 80

τ35(i) τ20(i) 
+J50* ~6  kHz ~35  Hz

2τ 35 2×τ30(i) ~12 kHz ~40 Hz

(Rates scaled to L = 1.2⇥ 1034cm�2s�1
<latexit sha1_base64="K/X5SxbknJrUA++Uk0h/60H/R4I=">AAACF3icbVDLSgMxFM3UV62vUZdugkVw4zCpgm6EohsXLirYB3SmJZNm2tDMgyQjlGH+wo2/4saFIm5159+YaWehrRcSDufcy73neDFnUtn2t1FaWl5ZXSuvVzY2t7Z3zN29lowSQWiTRDwSHQ9LyllIm4opTjuxoDjwOG174+tcbz9QIVkU3qtJTN0AD0PmM4KVpvqm5QRYjQjm6W0GLyGyatBRLKASIruXnp5lkAS99KSWSf2jrG9WbcueFlwEqABVUFSjb345g4gkAQ0V4VjKLrJj5aZYKEY4zSpOImmMyRgPaVfDEOvVbjr1lcEjzQygHwn9QgWn7O+JFAdSTgJPd+Yu5LyWk/9p3UT5F27KwjhRNCSzRX7CoYpgHhIcMEGJ4hMNMBFM3wrJCAtMlI6yokNA85YXQatmIdtCd3a1flXEUQYH4BAcAwTOQR3cgAZoAgIewTN4BW/Gk/FivBsfs9aSUczsgz9lfP4AjWKdow==</latexit><latexit sha1_base64="K/X5SxbknJrUA++Uk0h/60H/R4I=">AAACF3icbVDLSgMxFM3UV62vUZdugkVw4zCpgm6EohsXLirYB3SmJZNm2tDMgyQjlGH+wo2/4saFIm5159+YaWehrRcSDufcy73neDFnUtn2t1FaWl5ZXSuvVzY2t7Z3zN29lowSQWiTRDwSHQ9LyllIm4opTjuxoDjwOG174+tcbz9QIVkU3qtJTN0AD0PmM4KVpvqm5QRYjQjm6W0GLyGyatBRLKASIruXnp5lkAS99KSWSf2jrG9WbcueFlwEqABVUFSjb345g4gkAQ0V4VjKLrJj5aZYKEY4zSpOImmMyRgPaVfDEOvVbjr1lcEjzQygHwn9QgWn7O+JFAdSTgJPd+Yu5LyWk/9p3UT5F27KwjhRNCSzRX7CoYpgHhIcMEGJ4hMNMBFM3wrJCAtMlI6yokNA85YXQatmIdtCd3a1flXEUQYH4BAcAwTOQR3cgAZoAgIewTN4BW/Gk/FivBsfs9aSUczsgz9lfP4AjWKdow==</latexit><latexit sha1_base64="K/X5SxbknJrUA++Uk0h/60H/R4I=">AAACF3icbVDLSgMxFM3UV62vUZdugkVw4zCpgm6EohsXLirYB3SmJZNm2tDMgyQjlGH+wo2/4saFIm5159+YaWehrRcSDufcy73neDFnUtn2t1FaWl5ZXSuvVzY2t7Z3zN29lowSQWiTRDwSHQ9LyllIm4opTjuxoDjwOG174+tcbz9QIVkU3qtJTN0AD0PmM4KVpvqm5QRYjQjm6W0GLyGyatBRLKASIruXnp5lkAS99KSWSf2jrG9WbcueFlwEqABVUFSjb345g4gkAQ0V4VjKLrJj5aZYKEY4zSpOImmMyRgPaVfDEOvVbjr1lcEjzQygHwn9QgWn7O+JFAdSTgJPd+Yu5LyWk/9p3UT5F27KwjhRNCSzRX7CoYpgHhIcMEGJ4hMNMBFM3wrJCAtMlI6yokNA85YXQatmIdtCd3a1flXEUQYH4BAcAwTOQR3cgAZoAgIewTN4BW/Gk/FivBsfs9aSUczsgz9lfP4AjWKdow==</latexit><latexit sha1_base64="K/X5SxbknJrUA++Uk0h/60H/R4I=">AAACF3icbVDLSgMxFM3UV62vUZdugkVw4zCpgm6EohsXLirYB3SmJZNm2tDMgyQjlGH+wo2/4saFIm5159+YaWehrRcSDufcy73neDFnUtn2t1FaWl5ZXSuvVzY2t7Z3zN29lowSQWiTRDwSHQ9LyllIm4opTjuxoDjwOG174+tcbz9QIVkU3qtJTN0AD0PmM4KVpvqm5QRYjQjm6W0GLyGyatBRLKASIruXnp5lkAS99KSWSf2jrG9WbcueFlwEqABVUFSjb345g4gkAQ0V4VjKLrJj5aZYKEY4zSpOImmMyRgPaVfDEOvVbjr1lcEjzQygHwn9QgWn7O+JFAdSTgJPd+Yu5LyWk/9p3UT5F27KwjhRNCSzRX7CoYpgHhIcMEGJ4hMNMBFM3wrJCAtMlI6yokNA85YXQatmIdtCd3a1flXEUQYH4BAcAwTOQR3cgAZoAgIewTN4BW/Gk/FivBsfs9aSUczsgz9lfP4AjWKdow==</latexit>

)* quoted at ε ~ 50%

(ATLAS)

(CMS)
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Trigger L1 Seed L1 Rate HLT Rate

2τ + j 
35/25 + 80

τ35(i) τ20(i) 
+J50* ~5 kHz ~60 Hz

(ATLAS)

2τ 35 2×τ32(i) ~10 kHz ~50 Hz
(CMS)

(Rates scaled to L = 1.7⇥ 1034cm�2s�1
<latexit sha1_base64="jaWfAZDo+RjkTMVxItc+nHrWBpQ=">AAACF3icbVDLSgMxFM34rPU16tJNsAhuHCZVqBuh6MaFiwr2AZ1pyaSZNjTzIMkIZZi/cOOvuHGhiFvd+Tdm2llo64WEwzn3cu85XsyZVLb9bSwtr6yurZc2yptb2zu75t5+S0aJILRJIh6Jjocl5SykTcUUp51YUBx4nLa98XWutx+okCwK79Ukpm6AhyHzGcFKU33TcgKsRgTz9DaDlxBZNegoFlAJkd1Lz84zSIJeelrNpP5R1jcrtmVPCy4CVIAKKKrRN7+cQUSSgIaKcCxlF9mxclMsFCOcZmUnkTTGZIyHtKthiPVqN536yuCxZgbQj4R+oYJT9vdEigMpJ4GnO3MXcl7Lyf+0bqL8CzdlYZwoGpLZIj/hUEUwDwkOmKBE8YkGmAimb4VkhAUmSkdZ1iGgecuLoFW1kG2hO7tSvyriKIFDcAROAAI1UAc3oAGagIBH8AxewZvxZLwY78bHrHXJKGYOwJ8yPn8AlYedqA==</latexit><latexit sha1_base64="jaWfAZDo+RjkTMVxItc+nHrWBpQ=">AAACF3icbVDLSgMxFM34rPU16tJNsAhuHCZVqBuh6MaFiwr2AZ1pyaSZNjTzIMkIZZi/cOOvuHGhiFvd+Tdm2llo64WEwzn3cu85XsyZVLb9bSwtr6yurZc2yptb2zu75t5+S0aJILRJIh6Jjocl5SykTcUUp51YUBx4nLa98XWutx+okCwK79Ukpm6AhyHzGcFKU33TcgKsRgTz9DaDlxBZNegoFlAJkd1Lz84zSIJeelrNpP5R1jcrtmVPCy4CVIAKKKrRN7+cQUSSgIaKcCxlF9mxclMsFCOcZmUnkTTGZIyHtKthiPVqN536yuCxZgbQj4R+oYJT9vdEigMpJ4GnO3MXcl7Lyf+0bqL8CzdlYZwoGpLZIj/hUEUwDwkOmKBE8YkGmAimb4VkhAUmSkdZ1iGgecuLoFW1kG2hO7tSvyriKIFDcAROAAI1UAc3oAGagIBH8AxewZvxZLwY78bHrHXJKGYOwJ8yPn8AlYedqA==</latexit><latexit sha1_base64="jaWfAZDo+RjkTMVxItc+nHrWBpQ=">AAACF3icbVDLSgMxFM34rPU16tJNsAhuHCZVqBuh6MaFiwr2AZ1pyaSZNjTzIMkIZZi/cOOvuHGhiFvd+Tdm2llo64WEwzn3cu85XsyZVLb9bSwtr6yurZc2yptb2zu75t5+S0aJILRJIh6Jjocl5SykTcUUp51YUBx4nLa98XWutx+okCwK79Ukpm6AhyHzGcFKU33TcgKsRgTz9DaDlxBZNegoFlAJkd1Lz84zSIJeelrNpP5R1jcrtmVPCy4CVIAKKKrRN7+cQUSSgIaKcCxlF9mxclMsFCOcZmUnkTTGZIyHtKthiPVqN536yuCxZgbQj4R+oYJT9vdEigMpJ4GnO3MXcl7Lyf+0bqL8CzdlYZwoGpLZIj/hUEUwDwkOmKBE8YkGmAimb4VkhAUmSkdZ1iGgecuLoFW1kG2hO7tSvyriKIFDcAROAAI1UAc3oAGagIBH8AxewZvxZLwY78bHrHXJKGYOwJ8yPn8AlYedqA==</latexit><latexit sha1_base64="jaWfAZDo+RjkTMVxItc+nHrWBpQ=">AAACF3icbVDLSgMxFM34rPU16tJNsAhuHCZVqBuh6MaFiwr2AZ1pyaSZNjTzIMkIZZi/cOOvuHGhiFvd+Tdm2llo64WEwzn3cu85XsyZVLb9bSwtr6yurZc2yptb2zu75t5+S0aJILRJIh6Jjocl5SykTcUUp51YUBx4nLa98XWutx+okCwK79Ukpm6AhyHzGcFKU33TcgKsRgTz9DaDlxBZNegoFlAJkd1Lz84zSIJeelrNpP5R1jcrtmVPCy4CVIAKKKrRN7+cQUSSgIaKcCxlF9mxclMsFCOcZmUnkTTGZIyHtKthiPVqN536yuCxZgbQj4R+oYJT9vdEigMpJ4GnO3MXcl7Lyf+0bqL8CzdlYZwoGpLZIj/hUEUwDwkOmKBE8YkGmAimb4VkhAUmSkdZ1iGgecuLoFW1kG2hO7tSvyriKIFDcAROAAI1UAc3oAGagIBH8AxewZvxZLwY78bHrHXJKGYOwJ8yPn8AlYedqA==</latexit>

)* quoted at ε ~ 50%
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Trigger L1 Seed L1 Rate HLT Rate

2τ + j 
35/25 + 80

τ35(i) τ20(i) 
+J50* ~6 kHz ~90 Hz

2τ 35 2×τ32(i) ~17 kHz ~60 Hz

(Rates scaled to L = 2.0⇥ 1034cm�2s�1
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)* quoted at ε ~ 50%

(ATLAS)

(CMS)
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Neither experiment discusses the impact of the trigger on the Run 2 analyses



2.5 Physics Signatures with Jets

(a) VBF H ! tt acceptance using tt triggers
where both ts decay hadronically. The acceptance
at the target is 30% and the acceptance in the no-
upgrade scenario is 8%

(b) HH ! ttbb acceptance using tt triggers
where both ts decay hadronically. The acceptance
at the target is 32% and the acceptance in the no-
upgrade scenario is 13%

Figure 2.8: Acceptance for VBF H ! tt and HH ! ttbb for dihadronic tau (tt) triggers where
both ts decay hadronically.

pT selections. As shown in Fig. 2.6, the two methods are complementary; photon-triggered
ISR events are sensitive at low Z0 masses, while jet-triggered ISR events are more sensitive
at higher Z0 masses.

For the HH non-resonant process, a dedicated study [2.7] of the sensitivity as a function of
the offline jets pT threshold has been performed. The results are shown in Fig. 2.9 assuming
that systematics are not a strong limitation on the result. This shows that the loss due
to the trigger requirements below 50 � 60 GeV moderate (but non-neglible), and above
⇡ 65 GeV the sensitivity in this important analysis degrades rapidly. The current estimated
achievable threshold for the upgraded system is 65 GeV. A no-upgrade scenario would
require a threshold of approximately 100 GeV, leading to a loss approximately a factor of
two on the s(HH ! 4b)/s(HH ! 4b)SM limit. Results with more pessimistic systematics
assumptions show similar trigger impacts. For a more detailed discussion of the analysis
and the impact of the system design on it, see Section 6.13. The Standard Model HH ! 4b
non-resonant process cannot be observed with this channel alone, but the analysis would
be sensitive to an enhanced cross-section due to anomalous Higgs self-couplings.

Di-jet resonance searches can be motivated by a variety of physics models. In particular,
resonances with relatively small couplings to visible matter have been motivated by re-
cent dark matter models [2.4][2.8]. Figure 2.6 shows a summary of the ATLAS bounds on
the coupling gq as a function of the Z0 resonance mass. At high mass, above ⇠ 1.5 TeV
(dark blue line), the single jet trigger is used. For di-jet resonances with masses below ⇠

1 TeV, triggers are designed to select an ISR jet (purple line) or photon (red line, see also
Section 2.3) present in the process rather than the decay products of the resonance. The jet
pT threshold affects the lower bound of the di-jet+ISR search with ISR jet. This is because

28
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upgrade scenario is 8%

(b) HH ! ttbb acceptance using tt triggers
where both ts decay hadronically. The acceptance
at the target is 32% and the acceptance in the no-
upgrade scenario is 13%

Figure 2.8: Acceptance for VBF H ! tt and HH ! ttbb for dihadronic tau (tt) triggers where
both ts decay hadronically.

pT selections. As shown in Fig. 2.6, the two methods are complementary; photon-triggered
ISR events are sensitive at low Z0 masses, while jet-triggered ISR events are more sensitive
at higher Z0 masses.

For the HH non-resonant process, a dedicated study [2.7] of the sensitivity as a function of
the offline jets pT threshold has been performed. The results are shown in Fig. 2.9 assuming
that systematics are not a strong limitation on the result. This shows that the loss due
to the trigger requirements below 50 � 60 GeV moderate (but non-neglible), and above
⇡ 65 GeV the sensitivity in this important analysis degrades rapidly. The current estimated
achievable threshold for the upgraded system is 65 GeV. A no-upgrade scenario would
require a threshold of approximately 100 GeV, leading to a loss approximately a factor of
two on the s(HH ! 4b)/s(HH ! 4b)SM limit. Results with more pessimistic systematics
assumptions show similar trigger impacts. For a more detailed discussion of the analysis
and the impact of the system design on it, see Section 6.13. The Standard Model HH ! 4b
non-resonant process cannot be observed with this channel alone, but the analysis would
be sensitive to an enhanced cross-section due to anomalous Higgs self-couplings.

Di-jet resonance searches can be motivated by a variety of physics models. In particular,
resonances with relatively small couplings to visible matter have been motivated by re-
cent dark matter models [2.4][2.8]. Figure 2.6 shows a summary of the ATLAS bounds on
the coupling gq as a function of the Z0 resonance mass. At high mass, above ⇠ 1.5 TeV
(dark blue line), the single jet trigger is used. For di-jet resonances with masses below ⇠

1 TeV, triggers are designed to select an ISR jet (purple line) or photon (red line, see also
Section 2.3) present in the process rather than the decay products of the resonance. The jet
pT threshold affects the lower bound of the di-jet+ISR search with ISR jet. This is because
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Source Uncertainty (%)
Total ±52
Data statistics ±43
Simulation statistics ±0
Total systematic uncertainty ±30

Experimental uncertainties
Luminosity ±4.3
Pile-up reweighting ±7.0
⌧had-vis ±13
Fake-⌧had-vis estimation ±8.3
b- tagging ±8.1
Jets and E

miss
T ±3.5

Electron and muon ±5.1
Total experimental uncertainties ±18

Theoretical and modelling uncertainties
Top ±6.6
Signal ±8.6
Z/�⇤ ! ⌧+⌧� ±11
SM Higgs boson ±8.5
Other backgrounds ±4.4
Total theoretical and modelling uncertainties ±17

Table 5: The percentage uncertainties on the simulated SM HH signal strength, i.e. the simulated SM HH yield
assuming a cross-section times branching fraction equal to the 95% CL expected limit in the baseline scenario.
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Figure 12: Signal acceptance times e�ciency as a function of the truth-level mHH for the ⌧lep⌧had SLT (red) and
⌧had⌧had (blue) channels.
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Neither experiment discusses the impact of the trigger on the Run 2 analyses
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where both ts decay hadronically. The acceptance
at the target is 30% and the acceptance in the no-
upgrade scenario is 8%
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where both ts decay hadronically. The acceptance
at the target is 32% and the acceptance in the no-
upgrade scenario is 13%

Figure 2.8: Acceptance for VBF H ! tt and HH ! ttbb for dihadronic tau (tt) triggers where
both ts decay hadronically.

pT selections. As shown in Fig. 2.6, the two methods are complementary; photon-triggered
ISR events are sensitive at low Z0 masses, while jet-triggered ISR events are more sensitive
at higher Z0 masses.

For the HH non-resonant process, a dedicated study [2.7] of the sensitivity as a function of
the offline jets pT threshold has been performed. The results are shown in Fig. 2.9 assuming
that systematics are not a strong limitation on the result. This shows that the loss due
to the trigger requirements below 50 � 60 GeV moderate (but non-neglible), and above
⇡ 65 GeV the sensitivity in this important analysis degrades rapidly. The current estimated
achievable threshold for the upgraded system is 65 GeV. A no-upgrade scenario would
require a threshold of approximately 100 GeV, leading to a loss approximately a factor of
two on the s(HH ! 4b)/s(HH ! 4b)SM limit. Results with more pessimistic systematics
assumptions show similar trigger impacts. For a more detailed discussion of the analysis
and the impact of the system design on it, see Section 6.13. The Standard Model HH ! 4b
non-resonant process cannot be observed with this channel alone, but the analysis would
be sensitive to an enhanced cross-section due to anomalous Higgs self-couplings.

Di-jet resonance searches can be motivated by a variety of physics models. In particular,
resonances with relatively small couplings to visible matter have been motivated by re-
cent dark matter models [2.4][2.8]. Figure 2.6 shows a summary of the ATLAS bounds on
the coupling gq as a function of the Z0 resonance mass. At high mass, above ⇠ 1.5 TeV
(dark blue line), the single jet trigger is used. For di-jet resonances with masses below ⇠

1 TeV, triggers are designed to select an ISR jet (purple line) or photon (red line, see also
Section 2.3) present in the process rather than the decay products of the resonance. The jet
pT threshold affects the lower bound of the di-jet+ISR search with ISR jet. This is because
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Total ±52
Data statistics ±43
Simulation statistics ±0
Total systematic uncertainty ±30

Experimental uncertainties
Luminosity ±4.3
Pile-up reweighting ±7.0
⌧had-vis ±13
Fake-⌧had-vis estimation ±8.3
b- tagging ±8.1
Jets and E
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T ±3.5

Electron and muon ±5.1
Total experimental uncertainties ±18

Theoretical and modelling uncertainties
Top ±6.6
Signal ±8.6
Z/�⇤ ! ⌧+⌧� ±11
SM Higgs boson ±8.5
Other backgrounds ±4.4
Total theoretical and modelling uncertainties ±17

Table 5: The percentage uncertainties on the simulated SM HH signal strength, i.e. the simulated SM HH yield
assuming a cross-section times branching fraction equal to the 95% CL expected limit in the baseline scenario.
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Take away: 
  - bbττ using triggers optimized with h→ττ in mind 
  - Likely stand to gain (esp. low mHH) w/combined b&τ)  
        L1:  2τ + 2j 
        HLT loose τ and loose b-tagging  
  - τ-ID first to lighten CPU cost of btagging  

 Can already be done in Run-3

Neither experiment discusses the impact of the trigger on the Run 2 analyses
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Figure 1.7: Left: Simulated distribution of transverse momentum of the lowest pT th candidate
in HH ! ttbb̄ ! thntthntbb̄ decays. The vertical lines correspond to the offline pT thresh-
olds at which the single object trigger efficiency reaches 50% (for t) of the efficiency plateau.
The solid vertical line corresponds to the trigger threshold provided by the Phase-2 L1 trigger
system (at 200 pileup) matching the thresholds currently deployed by the L1 menu for Run-2.
The dashed vertical line corresponds to the trigger threshold required to achieve the same rate
using trigger algorithms that do not make use of L1 tracks or particle-flow candidates. Right:
Expected loss in signal significance for the CMS Phase-2 HH ! bbbb analysis as a function
of the minimum jet pT threshold implemented by the multi-jet trigger algorithm used to se-
lect these events. The green and red lines indicate the thresholds that can be achieved by a jet
trigger algorithm with and without using L1 tracking and particle flow inputs, respectively.

algorithms used to target these final states are based either on a minimum threshold
on the event’s Emiss

T , or on a cross-object trigger algorithm that requires Emiss
T and

low pT muons. The typical offline requirements on Emiss
T are driven by the trigger

selection and, in Phase-1, were of 200 GeV for the pure Emiss
T trigger and of 125 GeV

for the cross-object one. The signal acceptance for these exotic signatures is signif-
icantly reduced, would the L1 Emiss

T thresholds not be maintained to these values.
For example, the relevant parameter space of the model proposed in Ref. [22] can be
explored with the Phase-2 dataset only if the thresholds of the cross-object trigger
are kept to their Phase-1 values.

• Higgs boson associated production (ZH ! nnbb). The SM H ! bb events are
mostly accessible through the associated production of the Higgs boson with a Z/W
boson. The leptonic decays of the Z and W bosons are exploited at trigger level to
achieve manageable rates given the large QCD background expected in this hadronic
decay mode of the Higgs. This channel significantly contributed to achieve the ob-
servation of the Higgs boson decay into a pair of b-quarks during LHC Run-2 [23].
The associated production with a Z boson decaying into a pair of neutrinos is a ma-
jor channel targeted at HL-LHC. The neutrinos produce significant Emiss

T that can be
used to select events at trigger level and drastically reduce the background contri-
bution.

Figure 1.8 shows the Emiss
T distribution for the final states mentioned above. The Phase-2 L1

Emiss
T reconstruction algorithm makes use of the tracking information, of the particle-flow re-

Trigger Upgrades
Upgrades critical to hadronic HH  In many cases driving specs 
Keys: L1 jet thresholds / CPU  b-tagging 
  Run-3:  Better L1 jets / GPU tracking mitigate CPU cost 
  Phase-2:   Tracking in trigger (40 MHz @ CMS) 
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2.5 Physics Signatures with Jets

(a) VBF H ! tt acceptance using tt triggers
where both ts decay hadronically. The acceptance
at the target is 30% and the acceptance in the no-
upgrade scenario is 8%

(b) HH ! ttbb acceptance using tt triggers
where both ts decay hadronically. The acceptance
at the target is 32% and the acceptance in the no-
upgrade scenario is 13%

Figure 2.8: Acceptance for VBF H ! tt and HH ! ttbb for dihadronic tau (tt) triggers where
both ts decay hadronically.

pT selections. As shown in Fig. 2.6, the two methods are complementary; photon-triggered
ISR events are sensitive at low Z0 masses, while jet-triggered ISR events are more sensitive
at higher Z0 masses.

For the HH non-resonant process, a dedicated study [2.7] of the sensitivity as a function of
the offline jets pT threshold has been performed. The results are shown in Fig. 2.9 assuming
that systematics are not a strong limitation on the result. This shows that the loss due
to the trigger requirements below 50 � 60 GeV moderate (but non-neglible), and above
⇡ 65 GeV the sensitivity in this important analysis degrades rapidly. The current estimated
achievable threshold for the upgraded system is 65 GeV. A no-upgrade scenario would
require a threshold of approximately 100 GeV, leading to a loss approximately a factor of
two on the s(HH ! 4b)/s(HH ! 4b)SM limit. Results with more pessimistic systematics
assumptions show similar trigger impacts. For a more detailed discussion of the analysis
and the impact of the system design on it, see Section 6.13. The Standard Model HH ! 4b
non-resonant process cannot be observed with this channel alone, but the analysis would
be sensitive to an enhanced cross-section due to anomalous Higgs self-couplings.

Di-jet resonance searches can be motivated by a variety of physics models. In particular,
resonances with relatively small couplings to visible matter have been motivated by re-
cent dark matter models [2.4][2.8]. Figure 2.6 shows a summary of the ATLAS bounds on
the coupling gq as a function of the Z0 resonance mass. At high mass, above ⇠ 1.5 TeV
(dark blue line), the single jet trigger is used. For di-jet resonances with masses below ⇠

1 TeV, triggers are designed to select an ISR jet (purple line) or photon (red line, see also
Section 2.3) present in the process rather than the decay products of the resonance. The jet
pT threshold affects the lower bound of the di-jet+ISR search with ISR jet. This is because
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2.5 Physics Signatures with Jets

(a) VBF H ! tt acceptance using tt triggers
where both ts decay hadronically. The acceptance
at the target is 30% and the acceptance in the no-
upgrade scenario is 8%

(b) HH ! ttbb acceptance using tt triggers
where both ts decay hadronically. The acceptance
at the target is 32% and the acceptance in the no-
upgrade scenario is 13%

Figure 2.8: Acceptance for VBF H ! tt and HH ! ttbb for dihadronic tau (tt) triggers where
both ts decay hadronically.

pT selections. As shown in Fig. 2.6, the two methods are complementary; photon-triggered
ISR events are sensitive at low Z0 masses, while jet-triggered ISR events are more sensitive
at higher Z0 masses.

For the HH non-resonant process, a dedicated study [2.7] of the sensitivity as a function of
the offline jets pT threshold has been performed. The results are shown in Fig. 2.9 assuming
that systematics are not a strong limitation on the result. This shows that the loss due
to the trigger requirements below 50 � 60 GeV moderate (but non-neglible), and above
⇡ 65 GeV the sensitivity in this important analysis degrades rapidly. The current estimated
achievable threshold for the upgraded system is 65 GeV. A no-upgrade scenario would
require a threshold of approximately 100 GeV, leading to a loss approximately a factor of
two on the s(HH ! 4b)/s(HH ! 4b)SM limit. Results with more pessimistic systematics
assumptions show similar trigger impacts. For a more detailed discussion of the analysis
and the impact of the system design on it, see Section 6.13. The Standard Model HH ! 4b
non-resonant process cannot be observed with this channel alone, but the analysis would
be sensitive to an enhanced cross-section due to anomalous Higgs self-couplings.

Di-jet resonance searches can be motivated by a variety of physics models. In particular,
resonances with relatively small couplings to visible matter have been motivated by re-
cent dark matter models [2.4][2.8]. Figure 2.6 shows a summary of the ATLAS bounds on
the coupling gq as a function of the Z0 resonance mass. At high mass, above ⇠ 1.5 TeV
(dark blue line), the single jet trigger is used. For di-jet resonances with masses below ⇠

1 TeV, triggers are designed to select an ISR jet (purple line) or photon (red line, see also
Section 2.3) present in the process rather than the decay products of the resonance. The jet
pT threshold affects the lower bound of the di-jet+ISR search with ISR jet. This is because
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Figure 1.7: Left: Simulated distribution of transverse momentum of the lowest pT th candidate
in HH ! ttbb̄ ! thntthntbb̄ decays. The vertical lines correspond to the offline pT thresh-
olds at which the single object trigger efficiency reaches 50% (for t) of the efficiency plateau.
The solid vertical line corresponds to the trigger threshold provided by the Phase-2 L1 trigger
system (at 200 pileup) matching the thresholds currently deployed by the L1 menu for Run-2.
The dashed vertical line corresponds to the trigger threshold required to achieve the same rate
using trigger algorithms that do not make use of L1 tracks or particle-flow candidates. Right:
Expected loss in signal significance for the CMS Phase-2 HH ! bbbb analysis as a function
of the minimum jet pT threshold implemented by the multi-jet trigger algorithm used to se-
lect these events. The green and red lines indicate the thresholds that can be achieved by a jet
trigger algorithm with and without using L1 tracking and particle flow inputs, respectively.

algorithms used to target these final states are based either on a minimum threshold
on the event’s Emiss

T , or on a cross-object trigger algorithm that requires Emiss
T and

low pT muons. The typical offline requirements on Emiss
T are driven by the trigger

selection and, in Phase-1, were of 200 GeV for the pure Emiss
T trigger and of 125 GeV

for the cross-object one. The signal acceptance for these exotic signatures is signif-
icantly reduced, would the L1 Emiss

T thresholds not be maintained to these values.
For example, the relevant parameter space of the model proposed in Ref. [22] can be
explored with the Phase-2 dataset only if the thresholds of the cross-object trigger
are kept to their Phase-1 values.

• Higgs boson associated production (ZH ! nnbb). The SM H ! bb events are
mostly accessible through the associated production of the Higgs boson with a Z/W
boson. The leptonic decays of the Z and W bosons are exploited at trigger level to
achieve manageable rates given the large QCD background expected in this hadronic
decay mode of the Higgs. This channel significantly contributed to achieve the ob-
servation of the Higgs boson decay into a pair of b-quarks during LHC Run-2 [23].
The associated production with a Z boson decaying into a pair of neutrinos is a ma-
jor channel targeted at HL-LHC. The neutrinos produce significant Emiss

T that can be
used to select events at trigger level and drastically reduce the background contri-
bution.

Figure 1.8 shows the Emiss
T distribution for the final states mentioned above. The Phase-2 L1

Emiss
T reconstruction algorithm makes use of the tracking information, of the particle-flow re-

Trigger Upgrades
Upgrades critical to hadronic HH  In many cases driving specs 
Keys: L1 jet thresholds / CPU  b-tagging 
  Run-3:  Better L1 jets / GPU tracking mitigate CPU cost 
  Phase-2:   Tracking in trigger (40 MHz @ CMS) 
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The other big challenge in 4b and bbττ 

Will focus on 4b.  
   Same comments apply (to a lesser extent) to bbττ.
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Figure 1: Higgs boson candidate mass-plane regions from the 2016 analysis. The signal region is inside the inner
(red) dashed curve, and two control regions are defined outside the signal region: one outside the signal region and
within the orange circle and the other between the orange and yellow circles. The left plot shows the distribution
of events for the SM non-resonant HH process, and the right plot shows the distribution of events for the estimated
multijet background.

Uncertainties in the normalisation of the multijet and tt̄ backgrounds are propagated from the fit which
determines their yields. Shape uncertainties are assessed by deriving an alternative background model
using the same procedure as in the nominal case, but from an independent control region. The di�erences
between the baseline and the alternative models are used as a background-model shape uncertainty, with a
two-sided uncertainty defined by symmetrising the di�erence about the baseline. The uncertainty is split
into two components to allow two independent variations: a low-HT and a high-HT component, where HT
is the scalar sum of the pT of the four jets constituting the pair of Higgs boson candidates. The boundary
value is 300 GeV. The low-HT shape uncertainty primarily a�ects the mHH spectrum below 400 GeV
(close to the kinematic threshold) by up to 5%, and the high-HT uncertainty mainly a�ects mHH above
this by up to 30% relative to nominal. The size of these background normalisation and shape uncertainties
are driven by the current statistical precision of the control regions and they were found to be the dominant
systematic uncertainties in the analysis of the 2016 dataset.

2.2 Extrapolation Method

The statistical framework used to produce the Run 2 results documented in Ref. [23] is extended to assess
the sensitivity of the analysis to non-resonant Higgs-boson-pair production with larger datasets. A test
statistic based on the profile likelihood ratio [44] is used to test hypothesised values of the global signal
strength factor, µ = �HH/�SM

HH
, for the SM non-resonant HH signal model. Systematic uncertainties are

treated using Gaussian or log-normal constraint terms in the definition of the likelihood function. The
extended framework is used to produce mHH distributions for the signal and background, which have been
modified to represent di�erent integrated luminosities. These distributions are used to derive expected
upper limits on the production cross-section for the signal process using a signal-plus-background fit to
the background-only mHH distribution. Exclusion limits are based on the value of the statistic CLs [45],
with a value of µ regarded as excluded at the 95% CL when CLs is less than 5%. The distributions can

6

Use 2b events to model 4b background  
Correct 2b→4b kinematics with ABCD
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more statistics. The dataset is defined by reversing the b-tagging requirement on one of the four jets, re-
ferred to as the “3b” sample in the following. The 3b events are then weighted using extrapolation factors
that correct the relative normalization and any kinematics di↵erences between the 3b and the 4b samples.
Kinematic di↵erences may arise from variations in the b-tagging e�ciency or from di↵erences in compo-
sition between the 4b background and the 3b control sample. The extrapolation factors are measured in
mass side-bands – signal-free data samples with kinematics similar to the signal region – using a convolu-
tional neural network [36]. The network is trained to classify 3b events from 4b events using only the jet
kinematics; it is referred in the following as the “classifier”. The classifier takes the full multi-dimensional
input of the measured jet kinematics (> 16 dimensions), and their corresponding correlations, and provides
a one-dimensional output which optimizes the separation between 3b and 4b events. The 3b events are
then re-weighted such that their classifier response matches those of the 4b events. This re-weighting thus
corrects for any kinematic dependence across the full high-dimensional input space.
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Figure 2: Classifier background
prediction visualized as the
“ABCD” method (red). My group
will measure systematic uncer-
tainty with the Optimal Transport
prediction (blue).

The 4b background method can be thought of as a version of the “ABCD
method” shown in Figure 2. The four regions are split based on the num-
ber of b-tagged jets and whether the events fall in the signal (SR) or side-
band (SB) mass region. The background estimate using the classifier is
shown in red. The classifier is fit using 3b and 4b SB events and is applied
to 3b events in the SR, schematically,

4b background =
✓C

A

◆
⇥ B.

The fundamental assumption in this approach is that the 3b! 4b extrap-
olation is the same in the SB and SR. In the 4b analysis, this amounts
to the assumption that the classifier as trained in the SB region can be
applied out-of-sample in the SR. The primary source of systematic un-
certainty in the ABCD method comes from potential violations of this
assumption. These violations arise if there is an underlying correlation
between the variables used to define the regions.

Systematic uncertainties on the data-driven background prediction using the ABCD method are derived by
performing a closure test. In a closure test, the background prediction is repeated using an additional dataset
which serves as a proxy for the signal region. This dataset is defined to be statistically independent of both
the signal region and the region used to derive the extrapolation factors. In the 4b analysis, the closure test is
performed using a separate mass side-band defined to be between the SB and SR, referred to as the “Control
Region” (CR). A systematic uncertainty is then assigned by comparing the observed yield in the 4b CR to
the background predicted by scaling 3b CR events with the 3b! 4b extrapolation factors fit in the SB. Note
that for this test it is critical that the CR be signal-free in order to separate the e↵ects of a systematic bias in
the background prediction from the presence of signal in data.

An example of the closure test for the 4b analysis is shown in the left of Figure 3. The figure shows the
output of a classifier trained to separate signal and background (SvB), the final discriminating variable in
the ZZ/ZH ! 4b analysis. The agreement between the predicted background (yellow) and the observed 4b
data (black) provides some confidence that the SB extrapolation factors can be applied out of sample.

The problem with this approach of assessing systematic uncertainties is that the CR does not capture the
most relevant phase space in the SR. This can be seen by comparing the SvB distribution in the CR, left
plot in Figure 3, to the SvB distribution in the SR, shown in the middle. The signal sensitivity in the SR is
dominated by the highest few bins of SvB classifier. However, these highest values of SvB are suppressed
in the CR. This is a generic e↵ect; the same requirements that make the CR signal-free and orthogonal to
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Potential Improvements

explicitly check the underlying correlations between variables by testing:
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⇥ B ?
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OT
⇥C,

where here the horizontal (B/A) extrapolation across phase space is performed with the optimal map. A cor-
relation violating the underlying assumption in either the vertical or horizontal extrapolation would induce
di↵erences between the two di↵erent background predictions. These di↵erences explicitly test the impact
of extrapolating the background across phase-space.

There are many potential show stoppers in applying OT to LHC data. The most critical is the need to define
a metric between collider events. In order to fit the optimal map, the OT algorithm requires a metric that
defines the cost of deforming one probability distribution into the another. Another major issue is that fitting
and applying the optimal map is CPU and memory intensive, with performance that scales quadratically
with the size of the dataset. In order to understand if these issues can be addressed, we have implemented
the OT algorithm in a toy model that replicates the salient features of the 4b background. Figure 5 shows
a comparison of the background predicted using OT (yellow) to the 4b toy data (black). We have defined a
metric between 4b events based on a metric designed to analyze jet-substructure [37]. This is still a work in
progress, but the preliminary results provide a promising proof-of-concept.
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Figure 5: Optimal Transform proof-of-concept.
OT prediction in yellow; 4b toy data in black.

There are several problems that need to be solved before we
can use OT in the 4b analysis. The most important is adapting
our existing algorithm to handle the full statistics of a realistic
LHC dataset. Our proof-of-concept demonstrated the overall
feasibility, but only used ⇠ 1% of the statistics in the real data.
The algorithm as currently implemented cannot accommodate
a dataset that is ⇥100 larger.

Applying OT to large, high-dimensional datasets is an impor-
tant outstanding problem in the field of statistics. My group
has begun working with Kussela and Wasserman of the CMU
Statistics and Data Science Department to apply OT to the 4b
background problem. Kussela and Wasserman are experts on
e�cient techniques of solving OT problems; a graduate stu-
dent in their group, Tudor Manole, will work with us on this
project for his dissertation. We have several ideas on how to cope with the increased CPU and the memory
constraints of the larger LHC dataset. For example, we can linerize the OT calculations [38] to speed up
computing the distance between pairs of events. Another promising idea is to develop a pre-processing
algorithm that predicts which pairs of events are likely to be coupled in the optimal map; this would allow
us to only compute the metric between events that are likely to matter. Solving this technical challenge is
critical for the 4b background but will also be an important contribution to the wider field of statistics.

The second innovation in controlling the 4b background systematic is to develop a dataset to be used in
the closure test that probes the entire relevant phase space of the signal region. Our proposed method uses
the concept of hemisphere mixing. Hemisphere mixing is a data-driven technique [39] used in a previous
CMS hh ! 4b analysis [40] to estimate the 4b background. This technique creates a synthetic dataset
by splitting individual 4b events into “hemispheres” which are then re-combined using hemispheres paired
from di↵erent 4b events. The idea behind this approach is that the mixed dataset will have similar kinematics
to 4b background but will remove the event-level correlations from any signal present in data.

9



kfjj

Benchmark in SR

100 200 300 400 500 600 700 800

mHH [GeV]
0.5

1

1.5

4b
/3

b

100200300400500600700800
0

500

1000

1500

2000

2500

3000En
tri

es 4b Data
4b (x10) Data
SM HH
Scalar (270 GeV)
Scalar (280 GeV)
3b Data

Signal Region

100 200 300 400 500 600 700 800

Four-jet mass [GeV]
0.5

1

1.5

4b
/3

b

100200300400500600700800
0

200

400

600

800

1000

1200

1400

1600

1800

2000

En
tri

es 4b Data
4b (x10) Data
SM HH
Scalar (270 GeV)
Scalar (280 GeV)
3b Data

Signal Region

0 100 200 300 400 500 600 700 800
 (Energy of first jet)

0
jetEnergy

0.5

1

1.5

4b
/3

b

0100200300400500600700800
0

200

400

600

800

1000

1200

1400

1600

En
tri

es 4b Data
4b (x10) Data
SM HH
Scalar (270 GeV)
Scalar (280 GeV)
3b Data

Signal Region

40 60 80 100 120 140 160 180 200
 (Transverse momentum of first jet)

0
jetPt

0.5

1

1.5

4b
/3

b

406080100120140160180200
0

100

200

300

400

500

600

700

800

En
tri

es 4b Data
4b (x10) Data
SM HH
Scalar (270 GeV)
Scalar (280 GeV)
3b Data

Signal Region

0 0.5 1 1.5 2 2.5
 (Close di-jet pair)jj RΔ

0.5

1

1.5

4b
/3

b

00.511.522.5
0

100

200

300

400

500

600

700

800

900

En
tri

es 4b Data
4b (x10) Data
SM HH
Scalar (270 GeV)
Scalar (280 GeV)
3b Data

Signal Region

0 0.5 1 1.5 2 2.5 3 3.5 4
 (Other di-jet pair)jj RΔ

0.5

1

1.5

4b
/3

b

00.511.522.533.54
0

100

200

300

400

500En
tri

es 4b Data
4b (x10) Data
SM HH
Scalar (270 GeV)
Scalar (280 GeV)
3b Data

Signal Region

jfjj

HH-FvT

100 200 300 400 500 600 700 800

mHH [GeV]
0.5

1

1.5

D
at

a/
Bk

g

100200300400500600700800
0

500

1000

1500

2000

2500

3000

3500

En
tri

es 4b Data
4b (x10) Data
SM HH
Scalar (270 GeV)
Scalar (280 GeV)
Bkg Model

Signal RegionBackground Method: HH-FvT

100 200 300 400 500 600 700 800

Four-jet mass [GeV]
0.5

1

1.5

D
at

a/
Bk

g

100200300400500600700800
0

200

400

600

800

1000

1200

1400

1600

1800

2000

En
tri

es 4b Data
4b (x10) Data
SM HH
Scalar (270 GeV)
Scalar (280 GeV)
Bkg Model

Signal RegionBackground Method: HH-FvT

0 100 200 300 400 500 600 700 800
 (Energy of first jet)

0
jetEnergy

0.5

1

1.5

D
at

a/
Bk

g

0100200300400500600700800
0

200

400

600

800

1000

1200

1400

1600

En
tri

es 4b Data
4b (x10) Data
SM HH
Scalar (270 GeV)
Scalar (280 GeV)
Bkg Model

Signal RegionBackground Method: HH-FvT

40 60 80 100 120 140 160 180 200
 (Transverse momentum of first jet)

0
jetPt

0.5

1

1.5

D
at

a/
Bk

g

406080100120140160180200
0

100

200

300

400

500

600

700

800

En
tri

es 4b Data
4b (x10) Data
SM HH
Scalar (270 GeV)
Scalar (280 GeV)
Bkg Model

Signal RegionBackground Method: HH-FvT

0 0.5 1 1.5 2 2.5
 (Close di-jet pair)jj RΔ

0.5

1

1.5

D
at

a/
Bk

g

00.511.522.5
0

100

200

300

400

500

600

700

800

900

En
tri

es 4b Data
4b (x10) Data
SM HH
Scalar (270 GeV)
Scalar (280 GeV)
Bkg Model

Signal RegionBackground Method: HH-FvT

0 0.5 1 1.5 2 2.5 3 3.5 4
 (Other di-jet pair)jj RΔ

0.5

1

1.5
Da

ta
/B

kg

00.511.522.533.54
0

100

200

300

400

500En
tri

es 4b Data
4b (x10) Data
SM HH
Scalar (270 GeV)
Scalar (280 GeV)
Bkg Model

Signal RegionBackground Method: HH-FvT!50

2b

Sideband Signal

4b

A B

C D

fit

apply

fit

Potential Improvements

explicitly check the underlying correlations between variables by testing:
✓C

A

◆ �����
Classifier

⇥ B ?
=

✓B
A

◆ �����
OT
⇥C,

where here the horizontal (B/A) extrapolation across phase space is performed with the optimal map. A cor-
relation violating the underlying assumption in either the vertical or horizontal extrapolation would induce
di↵erences between the two di↵erent background predictions. These di↵erences explicitly test the impact
of extrapolating the background across phase-space.

There are many potential show stoppers in applying OT to LHC data. The most critical is the need to define
a metric between collider events. In order to fit the optimal map, the OT algorithm requires a metric that
defines the cost of deforming one probability distribution into the another. Another major issue is that fitting
and applying the optimal map is CPU and memory intensive, with performance that scales quadratically
with the size of the dataset. In order to understand if these issues can be addressed, we have implemented
the OT algorithm in a toy model that replicates the salient features of the 4b background. Figure 5 shows
a comparison of the background predicted using OT (yellow) to the 4b toy data (black). We have defined a
metric between 4b events based on a metric designed to analyze jet-substructure [37]. This is still a work in
progress, but the preliminary results provide a promising proof-of-concept.
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Figure 5: Optimal Transform proof-of-concept.
OT prediction in yellow; 4b toy data in black.

There are several problems that need to be solved before we
can use OT in the 4b analysis. The most important is adapting
our existing algorithm to handle the full statistics of a realistic
LHC dataset. Our proof-of-concept demonstrated the overall
feasibility, but only used ⇠ 1% of the statistics in the real data.
The algorithm as currently implemented cannot accommodate
a dataset that is ⇥100 larger.

Applying OT to large, high-dimensional datasets is an impor-
tant outstanding problem in the field of statistics. My group
has begun working with Kussela and Wasserman of the CMU
Statistics and Data Science Department to apply OT to the 4b
background problem. Kussela and Wasserman are experts on
e�cient techniques of solving OT problems; a graduate stu-
dent in their group, Tudor Manole, will work with us on this
project for his dissertation. We have several ideas on how to cope with the increased CPU and the memory
constraints of the larger LHC dataset. For example, we can linerize the OT calculations [38] to speed up
computing the distance between pairs of events. Another promising idea is to develop a pre-processing
algorithm that predicts which pairs of events are likely to be coupled in the optimal map; this would allow
us to only compute the metric between events that are likely to matter. Solving this technical challenge is
critical for the 4b background but will also be an important contribution to the wider field of statistics.

The second innovation in controlling the 4b background systematic is to develop a dataset to be used in
the closure test that probes the entire relevant phase space of the signal region. Our proposed method uses
the concept of hemisphere mixing. Hemisphere mixing is a data-driven technique [39] used in a previous
CMS hh ! 4b analysis [40] to estimate the 4b background. This technique creates a synthetic dataset
by splitting individual 4b events into “hemispheres” which are then re-combined using hemispheres paired
from di↵erent 4b events. The idea behind this approach is that the mixed dataset will have similar kinematics
to 4b background but will remove the event-level correlations from any signal present in data.
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where here the horizontal (B/A) extrapolation across phase space is performed with the optimal map. A cor-
relation violating the underlying assumption in either the vertical or horizontal extrapolation would induce
di↵erences between the two di↵erent background predictions. These di↵erences explicitly test the impact
of extrapolating the background across phase-space.

There are many potential show stoppers in applying OT to LHC data. The most critical is the need to define
a metric between collider events. In order to fit the optimal map, the OT algorithm requires a metric that
defines the cost of deforming one probability distribution into the another. Another major issue is that fitting
and applying the optimal map is CPU and memory intensive, with performance that scales quadratically
with the size of the dataset. In order to understand if these issues can be addressed, we have implemented
the OT algorithm in a toy model that replicates the salient features of the 4b background. Figure 5 shows
a comparison of the background predicted using OT (yellow) to the 4b toy data (black). We have defined a
metric between 4b events based on a metric designed to analyze jet-substructure [37]. This is still a work in
progress, but the preliminary results provide a promising proof-of-concept.
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Figure 5: Optimal Transform proof-of-concept.
OT prediction in yellow; 4b toy data in black.

There are several problems that need to be solved before we
can use OT in the 4b analysis. The most important is adapting
our existing algorithm to handle the full statistics of a realistic
LHC dataset. Our proof-of-concept demonstrated the overall
feasibility, but only used ⇠ 1% of the statistics in the real data.
The algorithm as currently implemented cannot accommodate
a dataset that is ⇥100 larger.

Applying OT to large, high-dimensional datasets is an impor-
tant outstanding problem in the field of statistics. My group
has begun working with Kussela and Wasserman of the CMU
Statistics and Data Science Department to apply OT to the 4b
background problem. Kussela and Wasserman are experts on
e�cient techniques of solving OT problems; a graduate stu-
dent in their group, Tudor Manole, will work with us on this
project for his dissertation. We have several ideas on how to cope with the increased CPU and the memory
constraints of the larger LHC dataset. For example, we can linerize the OT calculations [38] to speed up
computing the distance between pairs of events. Another promising idea is to develop a pre-processing
algorithm that predicts which pairs of events are likely to be coupled in the optimal map; this would allow
us to only compute the metric between events that are likely to matter. Solving this technical challenge is
critical for the 4b background but will also be an important contribution to the wider field of statistics.

The second innovation in controlling the 4b background systematic is to develop a dataset to be used in
the closure test that probes the entire relevant phase space of the signal region. Our proposed method uses
the concept of hemisphere mixing. Hemisphere mixing is a data-driven technique [39] used in a previous
CMS hh ! 4b analysis [40] to estimate the 4b background. This technique creates a synthetic dataset
by splitting individual 4b events into “hemispheres” which are then re-combined using hemispheres paired
from di↵erent 4b events. The idea behind this approach is that the mixed dataset will have similar kinematics
to 4b background but will remove the event-level correlations from any signal present in data.
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where here the horizontal (B/A) extrapolation across phase space is performed with the optimal map. A cor-
relation violating the underlying assumption in either the vertical or horizontal extrapolation would induce
di↵erences between the two di↵erent background predictions. These di↵erences explicitly test the impact
of extrapolating the background across phase-space.

There are many potential show stoppers in applying OT to LHC data. The most critical is the need to define
a metric between collider events. In order to fit the optimal map, the OT algorithm requires a metric that
defines the cost of deforming one probability distribution into the another. Another major issue is that fitting
and applying the optimal map is CPU and memory intensive, with performance that scales quadratically
with the size of the dataset. In order to understand if these issues can be addressed, we have implemented
the OT algorithm in a toy model that replicates the salient features of the 4b background. Figure 5 shows
a comparison of the background predicted using OT (yellow) to the 4b toy data (black). We have defined a
metric between 4b events based on a metric designed to analyze jet-substructure [37]. This is still a work in
progress, but the preliminary results provide a promising proof-of-concept.
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Figure 5: Optimal Transform proof-of-concept.
OT prediction in yellow; 4b toy data in black.

There are several problems that need to be solved before we
can use OT in the 4b analysis. The most important is adapting
our existing algorithm to handle the full statistics of a realistic
LHC dataset. Our proof-of-concept demonstrated the overall
feasibility, but only used ⇠ 1% of the statistics in the real data.
The algorithm as currently implemented cannot accommodate
a dataset that is ⇥100 larger.

Applying OT to large, high-dimensional datasets is an impor-
tant outstanding problem in the field of statistics. My group
has begun working with Kussela and Wasserman of the CMU
Statistics and Data Science Department to apply OT to the 4b
background problem. Kussela and Wasserman are experts on
e�cient techniques of solving OT problems; a graduate stu-
dent in their group, Tudor Manole, will work with us on this
project for his dissertation. We have several ideas on how to cope with the increased CPU and the memory
constraints of the larger LHC dataset. For example, we can linerize the OT calculations [38] to speed up
computing the distance between pairs of events. Another promising idea is to develop a pre-processing
algorithm that predicts which pairs of events are likely to be coupled in the optimal map; this would allow
us to only compute the metric between events that are likely to matter. Solving this technical challenge is
critical for the 4b background but will also be an important contribution to the wider field of statistics.

The second innovation in controlling the 4b background systematic is to develop a dataset to be used in
the closure test that probes the entire relevant phase space of the signal region. Our proposed method uses
the concept of hemisphere mixing. Hemisphere mixing is a data-driven technique [39] used in a previous
CMS hh ! 4b analysis [40] to estimate the 4b background. This technique creates a synthetic dataset
by splitting individual 4b events into “hemispheres” which are then re-combined using hemispheres paired
from di↵erent 4b events. The idea behind this approach is that the mixed dataset will have similar kinematics
to 4b background but will remove the event-level correlations from any signal present in data.
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where here the horizontal (B/A) extrapolation across phase space is performed with the optimal map. A cor-
relation violating the underlying assumption in either the vertical or horizontal extrapolation would induce
di↵erences between the two di↵erent background predictions. These di↵erences explicitly test the impact
of extrapolating the background across phase-space.

There are many potential show stoppers in applying OT to LHC data. The most critical is the need to define
a metric between collider events. In order to fit the optimal map, the OT algorithm requires a metric that
defines the cost of deforming one probability distribution into the another. Another major issue is that fitting
and applying the optimal map is CPU and memory intensive, with performance that scales quadratically
with the size of the dataset. In order to understand if these issues can be addressed, we have implemented
the OT algorithm in a toy model that replicates the salient features of the 4b background. Figure 5 shows
a comparison of the background predicted using OT (yellow) to the 4b toy data (black). We have defined a
metric between 4b events based on a metric designed to analyze jet-substructure [37]. This is still a work in
progress, but the preliminary results provide a promising proof-of-concept.
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Figure 5: Optimal Transform proof-of-concept.
OT prediction in yellow; 4b toy data in black.

There are several problems that need to be solved before we
can use OT in the 4b analysis. The most important is adapting
our existing algorithm to handle the full statistics of a realistic
LHC dataset. Our proof-of-concept demonstrated the overall
feasibility, but only used ⇠ 1% of the statistics in the real data.
The algorithm as currently implemented cannot accommodate
a dataset that is ⇥100 larger.

Applying OT to large, high-dimensional datasets is an impor-
tant outstanding problem in the field of statistics. My group
has begun working with Kussela and Wasserman of the CMU
Statistics and Data Science Department to apply OT to the 4b
background problem. Kussela and Wasserman are experts on
e�cient techniques of solving OT problems; a graduate stu-
dent in their group, Tudor Manole, will work with us on this
project for his dissertation. We have several ideas on how to cope with the increased CPU and the memory
constraints of the larger LHC dataset. For example, we can linerize the OT calculations [38] to speed up
computing the distance between pairs of events. Another promising idea is to develop a pre-processing
algorithm that predicts which pairs of events are likely to be coupled in the optimal map; this would allow
us to only compute the metric between events that are likely to matter. Solving this technical challenge is
critical for the 4b background but will also be an important contribution to the wider field of statistics.

The second innovation in controlling the 4b background systematic is to develop a dataset to be used in
the closure test that probes the entire relevant phase space of the signal region. Our proposed method uses
the concept of hemisphere mixing. Hemisphere mixing is a data-driven technique [39] used in a previous
CMS hh ! 4b analysis [40] to estimate the 4b background. This technique creates a synthetic dataset
by splitting individual 4b events into “hemispheres” which are then re-combined using hemispheres paired
from di↵erent 4b events. The idea behind this approach is that the mixed dataset will have similar kinematics
to 4b background but will remove the event-level correlations from any signal present in data.
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where here the horizontal (B/A) extrapolation across phase space is performed with the optimal map. A cor-
relation violating the underlying assumption in either the vertical or horizontal extrapolation would induce
di↵erences between the two di↵erent background predictions. These di↵erences explicitly test the impact
of extrapolating the background across phase-space.

There are many potential show stoppers in applying OT to LHC data. The most critical is the need to define
a metric between collider events. In order to fit the optimal map, the OT algorithm requires a metric that
defines the cost of deforming one probability distribution into the another. Another major issue is that fitting
and applying the optimal map is CPU and memory intensive, with performance that scales quadratically
with the size of the dataset. In order to understand if these issues can be addressed, we have implemented
the OT algorithm in a toy model that replicates the salient features of the 4b background. Figure 5 shows
a comparison of the background predicted using OT (yellow) to the 4b toy data (black). We have defined a
metric between 4b events based on a metric designed to analyze jet-substructure [37]. This is still a work in
progress, but the preliminary results provide a promising proof-of-concept.
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Figure 5: Optimal Transform proof-of-concept.
OT prediction in yellow; 4b toy data in black.

There are several problems that need to be solved before we
can use OT in the 4b analysis. The most important is adapting
our existing algorithm to handle the full statistics of a realistic
LHC dataset. Our proof-of-concept demonstrated the overall
feasibility, but only used ⇠ 1% of the statistics in the real data.
The algorithm as currently implemented cannot accommodate
a dataset that is ⇥100 larger.

Applying OT to large, high-dimensional datasets is an impor-
tant outstanding problem in the field of statistics. My group
has begun working with Kussela and Wasserman of the CMU
Statistics and Data Science Department to apply OT to the 4b
background problem. Kussela and Wasserman are experts on
e�cient techniques of solving OT problems; a graduate stu-
dent in their group, Tudor Manole, will work with us on this
project for his dissertation. We have several ideas on how to cope with the increased CPU and the memory
constraints of the larger LHC dataset. For example, we can linerize the OT calculations [38] to speed up
computing the distance between pairs of events. Another promising idea is to develop a pre-processing
algorithm that predicts which pairs of events are likely to be coupled in the optimal map; this would allow
us to only compute the metric between events that are likely to matter. Solving this technical challenge is
critical for the 4b background but will also be an important contribution to the wider field of statistics.

The second innovation in controlling the 4b background systematic is to develop a dataset to be used in
the closure test that probes the entire relevant phase space of the signal region. Our proposed method uses
the concept of hemisphere mixing. Hemisphere mixing is a data-driven technique [39] used in a previous
CMS hh ! 4b analysis [40] to estimate the 4b background. This technique creates a synthetic dataset
by splitting individual 4b events into “hemispheres” which are then re-combined using hemispheres paired
from di↵erent 4b events. The idea behind this approach is that the mixed dataset will have similar kinematics
to 4b background but will remove the event-level correlations from any signal present in data.
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where here the horizontal (B/A) extrapolation across phase space is performed with the optimal map. A cor-
relation violating the underlying assumption in either the vertical or horizontal extrapolation would induce
di↵erences between the two di↵erent background predictions. These di↵erences explicitly test the impact
of extrapolating the background across phase-space.

There are many potential show stoppers in applying OT to LHC data. The most critical is the need to define
a metric between collider events. In order to fit the optimal map, the OT algorithm requires a metric that
defines the cost of deforming one probability distribution into the another. Another major issue is that fitting
and applying the optimal map is CPU and memory intensive, with performance that scales quadratically
with the size of the dataset. In order to understand if these issues can be addressed, we have implemented
the OT algorithm in a toy model that replicates the salient features of the 4b background. Figure 5 shows
a comparison of the background predicted using OT (yellow) to the 4b toy data (black). We have defined a
metric between 4b events based on a metric designed to analyze jet-substructure [37]. This is still a work in
progress, but the preliminary results provide a promising proof-of-concept.
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Figure 5: Optimal Transform proof-of-concept.
OT prediction in yellow; 4b toy data in black.

There are several problems that need to be solved before we
can use OT in the 4b analysis. The most important is adapting
our existing algorithm to handle the full statistics of a realistic
LHC dataset. Our proof-of-concept demonstrated the overall
feasibility, but only used ⇠ 1% of the statistics in the real data.
The algorithm as currently implemented cannot accommodate
a dataset that is ⇥100 larger.

Applying OT to large, high-dimensional datasets is an impor-
tant outstanding problem in the field of statistics. My group
has begun working with Kussela and Wasserman of the CMU
Statistics and Data Science Department to apply OT to the 4b
background problem. Kussela and Wasserman are experts on
e�cient techniques of solving OT problems; a graduate stu-
dent in their group, Tudor Manole, will work with us on this
project for his dissertation. We have several ideas on how to cope with the increased CPU and the memory
constraints of the larger LHC dataset. For example, we can linerize the OT calculations [38] to speed up
computing the distance between pairs of events. Another promising idea is to develop a pre-processing
algorithm that predicts which pairs of events are likely to be coupled in the optimal map; this would allow
us to only compute the metric between events that are likely to matter. Solving this technical challenge is
critical for the 4b background but will also be an important contribution to the wider field of statistics.

The second innovation in controlling the 4b background systematic is to develop a dataset to be used in
the closure test that probes the entire relevant phase space of the signal region. Our proposed method uses
the concept of hemisphere mixing. Hemisphere mixing is a data-driven technique [39] used in a previous
CMS hh ! 4b analysis [40] to estimate the 4b background. This technique creates a synthetic dataset
by splitting individual 4b events into “hemispheres” which are then re-combined using hemispheres paired
from di↵erent 4b events. The idea behind this approach is that the mixed dataset will have similar kinematics
to 4b background but will remove the event-level correlations from any signal present in data.
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where here the horizontal (B/A) extrapolation across phase space is performed with the optimal map. A cor-
relation violating the underlying assumption in either the vertical or horizontal extrapolation would induce
di↵erences between the two di↵erent background predictions. These di↵erences explicitly test the impact
of extrapolating the background across phase-space.

There are many potential show stoppers in applying OT to LHC data. The most critical is the need to define
a metric between collider events. In order to fit the optimal map, the OT algorithm requires a metric that
defines the cost of deforming one probability distribution into the another. Another major issue is that fitting
and applying the optimal map is CPU and memory intensive, with performance that scales quadratically
with the size of the dataset. In order to understand if these issues can be addressed, we have implemented
the OT algorithm in a toy model that replicates the salient features of the 4b background. Figure 5 shows
a comparison of the background predicted using OT (yellow) to the 4b toy data (black). We have defined a
metric between 4b events based on a metric designed to analyze jet-substructure [37]. This is still a work in
progress, but the preliminary results provide a promising proof-of-concept.
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Figure 5: Optimal Transform proof-of-concept.
OT prediction in yellow; 4b toy data in black.

There are several problems that need to be solved before we
can use OT in the 4b analysis. The most important is adapting
our existing algorithm to handle the full statistics of a realistic
LHC dataset. Our proof-of-concept demonstrated the overall
feasibility, but only used ⇠ 1% of the statistics in the real data.
The algorithm as currently implemented cannot accommodate
a dataset that is ⇥100 larger.

Applying OT to large, high-dimensional datasets is an impor-
tant outstanding problem in the field of statistics. My group
has begun working with Kussela and Wasserman of the CMU
Statistics and Data Science Department to apply OT to the 4b
background problem. Kussela and Wasserman are experts on
e�cient techniques of solving OT problems; a graduate stu-
dent in their group, Tudor Manole, will work with us on this
project for his dissertation. We have several ideas on how to cope with the increased CPU and the memory
constraints of the larger LHC dataset. For example, we can linerize the OT calculations [38] to speed up
computing the distance between pairs of events. Another promising idea is to develop a pre-processing
algorithm that predicts which pairs of events are likely to be coupled in the optimal map; this would allow
us to only compute the metric between events that are likely to matter. Solving this technical challenge is
critical for the 4b background but will also be an important contribution to the wider field of statistics.

The second innovation in controlling the 4b background systematic is to develop a dataset to be used in
the closure test that probes the entire relevant phase space of the signal region. Our proposed method uses
the concept of hemisphere mixing. Hemisphere mixing is a data-driven technique [39] used in a previous
CMS hh ! 4b analysis [40] to estimate the 4b background. This technique creates a synthetic dataset
by splitting individual 4b events into “hemispheres” which are then re-combined using hemispheres paired
from di↵erent 4b events. The idea behind this approach is that the mixed dataset will have similar kinematics
to 4b background but will remove the event-level correlations from any signal present in data.
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where here the horizontal (B/A) extrapolation across phase space is performed with the optimal map. A cor-
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a metric between collider events. In order to fit the optimal map, the OT algorithm requires a metric that
defines the cost of deforming one probability distribution into the another. Another major issue is that fitting
and applying the optimal map is CPU and memory intensive, with performance that scales quadratically
with the size of the dataset. In order to understand if these issues can be addressed, we have implemented
the OT algorithm in a toy model that replicates the salient features of the 4b background. Figure 5 shows
a comparison of the background predicted using OT (yellow) to the 4b toy data (black). We have defined a
metric between 4b events based on a metric designed to analyze jet-substructure [37]. This is still a work in
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There are several problems that need to be solved before we
can use OT in the 4b analysis. The most important is adapting
our existing algorithm to handle the full statistics of a realistic
LHC dataset. Our proof-of-concept demonstrated the overall
feasibility, but only used ⇠ 1% of the statistics in the real data.
The algorithm as currently implemented cannot accommodate
a dataset that is ⇥100 larger.

Applying OT to large, high-dimensional datasets is an impor-
tant outstanding problem in the field of statistics. My group
has begun working with Kussela and Wasserman of the CMU
Statistics and Data Science Department to apply OT to the 4b
background problem. Kussela and Wasserman are experts on
e�cient techniques of solving OT problems; a graduate stu-
dent in their group, Tudor Manole, will work with us on this
project for his dissertation. We have several ideas on how to cope with the increased CPU and the memory
constraints of the larger LHC dataset. For example, we can linerize the OT calculations [38] to speed up
computing the distance between pairs of events. Another promising idea is to develop a pre-processing
algorithm that predicts which pairs of events are likely to be coupled in the optimal map; this would allow
us to only compute the metric between events that are likely to matter. Solving this technical challenge is
critical for the 4b background but will also be an important contribution to the wider field of statistics.

The second innovation in controlling the 4b background systematic is to develop a dataset to be used in
the closure test that probes the entire relevant phase space of the signal region. Our proposed method uses
the concept of hemisphere mixing. Hemisphere mixing is a data-driven technique [39] used in a previous
CMS hh ! 4b analysis [40] to estimate the 4b background. This technique creates a synthetic dataset
by splitting individual 4b events into “hemispheres” which are then re-combined using hemispheres paired
from di↵erent 4b events. The idea behind this approach is that the mixed dataset will have similar kinematics
to 4b background but will remove the event-level correlations from any signal present in data.
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where here the horizontal (B/A) extrapolation across phase space is performed with the optimal map. A cor-
relation violating the underlying assumption in either the vertical or horizontal extrapolation would induce
di↵erences between the two di↵erent background predictions. These di↵erences explicitly test the impact
of extrapolating the background across phase-space.

There are many potential show stoppers in applying OT to LHC data. The most critical is the need to define
a metric between collider events. In order to fit the optimal map, the OT algorithm requires a metric that
defines the cost of deforming one probability distribution into the another. Another major issue is that fitting
and applying the optimal map is CPU and memory intensive, with performance that scales quadratically
with the size of the dataset. In order to understand if these issues can be addressed, we have implemented
the OT algorithm in a toy model that replicates the salient features of the 4b background. Figure 5 shows
a comparison of the background predicted using OT (yellow) to the 4b toy data (black). We have defined a
metric between 4b events based on a metric designed to analyze jet-substructure [37]. This is still a work in
progress, but the preliminary results provide a promising proof-of-concept.
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There are several problems that need to be solved before we
can use OT in the 4b analysis. The most important is adapting
our existing algorithm to handle the full statistics of a realistic
LHC dataset. Our proof-of-concept demonstrated the overall
feasibility, but only used ⇠ 1% of the statistics in the real data.
The algorithm as currently implemented cannot accommodate
a dataset that is ⇥100 larger.

Applying OT to large, high-dimensional datasets is an impor-
tant outstanding problem in the field of statistics. My group
has begun working with Kussela and Wasserman of the CMU
Statistics and Data Science Department to apply OT to the 4b
background problem. Kussela and Wasserman are experts on
e�cient techniques of solving OT problems; a graduate stu-
dent in their group, Tudor Manole, will work with us on this
project for his dissertation. We have several ideas on how to cope with the increased CPU and the memory
constraints of the larger LHC dataset. For example, we can linerize the OT calculations [38] to speed up
computing the distance between pairs of events. Another promising idea is to develop a pre-processing
algorithm that predicts which pairs of events are likely to be coupled in the optimal map; this would allow
us to only compute the metric between events that are likely to matter. Solving this technical challenge is
critical for the 4b background but will also be an important contribution to the wider field of statistics.

The second innovation in controlling the 4b background systematic is to develop a dataset to be used in
the closure test that probes the entire relevant phase space of the signal region. Our proposed method uses
the concept of hemisphere mixing. Hemisphere mixing is a data-driven technique [39] used in a previous
CMS hh ! 4b analysis [40] to estimate the 4b background. This technique creates a synthetic dataset
by splitting individual 4b events into “hemispheres” which are then re-combined using hemispheres paired
from di↵erent 4b events. The idea behind this approach is that the mixed dataset will have similar kinematics
to 4b background but will remove the event-level correlations from any signal present in data.
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4b:

bbττ:



Not all HH events are equal:  
   Low mHH worth more, harder to trigger 

Hadronic analyses will be key to constraining λ 

 Trigger: 
     - Need to live on L1 turn-ons  / Avoid HT if possible 
     - HLT CPU often biggest limitation 

 Background modeling:  
     - Need to validate background in region most relevant 
     - Exacerbated by sophisticated ML classifier  
     - Need new approaches to explicitly check underlying assumptions 

Measuring ZZ/ZH in 4b and bbττ serve as ultimate dry-run for HH

Conclusions
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Figure 11: HH ! 4b limits vs luminosity. The points in the left-hand figure show the expected limits of three
di↵erent analyses [16, 41, 42]. The dashed lines give the projected sensitivities of these analyses if they were repeated
with larger datasets. The right-hand figure shows the extrapolation of the projected sensitivities to the HL-LHC
dataset. Also shown, in black solid line, is the extrapolation of the scaling with luminosity actually observed, including
analyses improvements. My group will build the experimental tools and techniques needed for the ultimate HH ! 4b
measurement.

4 Longer-term Outlook

The physics program outlined above extends naturally to the HL-LHC. My group will continue to play a
leading role in the b-jet trigger. On one hand, the more intense data taking will make triggering harder, on
the other hand, the upgraded detectors – like HGC – will provide us with tools to make more e�cent trigger
decisions. I also foresee my group making a long-term commitment to the HGC operation and calibration.
This will allow us to capitalize on the expertise gained form building the detector.

Searches for new physics with HH will become increasingly more interesting as the data grows. We will be
able to probe models with lower cross sections and confirm potential signals using rarer HH decay modes.

Analysis of HH production is also interesting longer-term to ultimately measure the Higgs self-coupling.
Figure 11 shows the evolution of the HH ! 4b sensitivity with luminosity. The left-hand figure shows the
result of three previous HH ! 4b analyses (data-points) along with their projected sensitivities assuming
the analyses are simply repeated with more data (dashed lines). The figure demonstrates that later iterations
of the HH ! 4b analysis outperform the naive statistical scaling of the previous results. This gain in
sensitivity – beyond that expected from statistics alone – is the result of analysis improvements: increased
trigger e�ciency, better background modeling, and reduction of systematic uncertainties. The extrapolation
of the projected sensitivities to the HL-LHC dataset is shown in the right-hand figure. Also included is the
projected sensitivity assuming the e↵ective scaling that is actually observed in subsequent analyses (black
solid line). In order to reach SM sensitivity (µHH = 1) with the HL-LHC, the current pace of analyses
improvements must continue. My research program builds the experimental tools and techniques needed
for the ultimate HH ! 4b measurement.
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leading role in the b-jet trigger. On one hand, the more intense data taking will make triggering harder, on
the other hand, the upgraded detectors – like HGC – will provide us with tools to make more e�cent trigger
decisions. I also foresee my group making a long-term commitment to the HGC operation and calibration.
This will allow us to capitalize on the expertise gained form building the detector.

Searches for new physics with HH will become increasingly more interesting as the data grows. We will be
able to probe models with lower cross sections and confirm potential signals using rarer HH decay modes.

Analysis of HH production is also interesting longer-term to ultimately measure the Higgs self-coupling.
Figure 11 shows the evolution of the HH ! 4b sensitivity with luminosity. The left-hand figure shows the
result of three previous HH ! 4b analyses (data-points) along with their projected sensitivities assuming
the analyses are simply repeated with more data (dashed lines). The figure demonstrates that later iterations
of the HH ! 4b analysis outperform the naive statistical scaling of the previous results. This gain in
sensitivity – beyond that expected from statistics alone – is the result of analysis improvements: increased
trigger e�ciency, better background modeling, and reduction of systematic uncertainties. The extrapolation
of the projected sensitivities to the HL-LHC dataset is shown in the right-hand figure. Also included is the
projected sensitivity assuming the e↵ective scaling that is actually observed in subsequent analyses (black
solid line). In order to reach SM sensitivity (µHH = 1) with the HL-LHC, the current pace of analyses
improvements must continue. My research program builds the experimental tools and techniques needed
for the ultimate HH ! 4b measurement.
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2.5 Physics Signatures with Jets

(a) VBF H ! tt acceptance using tt triggers
where both ts decay hadronically. The acceptance
at the target is 30% and the acceptance in the no-
upgrade scenario is 8%

(b) HH ! ttbb acceptance using tt triggers
where both ts decay hadronically. The acceptance
at the target is 32% and the acceptance in the no-
upgrade scenario is 13%

Figure 2.8: Acceptance for VBF H ! tt and HH ! ttbb for dihadronic tau (tt) triggers where
both ts decay hadronically.

pT selections. As shown in Fig. 2.6, the two methods are complementary; photon-triggered
ISR events are sensitive at low Z0 masses, while jet-triggered ISR events are more sensitive
at higher Z0 masses.

For the HH non-resonant process, a dedicated study [2.7] of the sensitivity as a function of
the offline jets pT threshold has been performed. The results are shown in Fig. 2.9 assuming
that systematics are not a strong limitation on the result. This shows that the loss due
to the trigger requirements below 50 � 60 GeV moderate (but non-neglible), and above
⇡ 65 GeV the sensitivity in this important analysis degrades rapidly. The current estimated
achievable threshold for the upgraded system is 65 GeV. A no-upgrade scenario would
require a threshold of approximately 100 GeV, leading to a loss approximately a factor of
two on the s(HH ! 4b)/s(HH ! 4b)SM limit. Results with more pessimistic systematics
assumptions show similar trigger impacts. For a more detailed discussion of the analysis
and the impact of the system design on it, see Section 6.13. The Standard Model HH ! 4b
non-resonant process cannot be observed with this channel alone, but the analysis would
be sensitive to an enhanced cross-section due to anomalous Higgs self-couplings.

Di-jet resonance searches can be motivated by a variety of physics models. In particular,
resonances with relatively small couplings to visible matter have been motivated by re-
cent dark matter models [2.4][2.8]. Figure 2.6 shows a summary of the ATLAS bounds on
the coupling gq as a function of the Z0 resonance mass. At high mass, above ⇠ 1.5 TeV
(dark blue line), the single jet trigger is used. For di-jet resonances with masses below ⇠

1 TeV, triggers are designed to select an ISR jet (purple line) or photon (red line, see also
Section 2.3) present in the process rather than the decay products of the resonance. The jet
pT threshold affects the lower bound of the di-jet+ISR search with ISR jet. This is because
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2τ 35 2×τ30(i) ~12 kHz ~40 Hz
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<latexit sha1_base64="K/X5SxbknJrUA++Uk0h/60H/R4I=">AAACF3icbVDLSgMxFM3UV62vUZdugkVw4zCpgm6EohsXLirYB3SmJZNm2tDMgyQjlGH+wo2/4saFIm5159+YaWehrRcSDufcy73neDFnUtn2t1FaWl5ZXSuvVzY2t7Z3zN29lowSQWiTRDwSHQ9LyllIm4opTjuxoDjwOG174+tcbz9QIVkU3qtJTN0AD0PmM4KVpvqm5QRYjQjm6W0GLyGyatBRLKASIruXnp5lkAS99KSWSf2jrG9WbcueFlwEqABVUFSjb345g4gkAQ0V4VjKLrJj5aZYKEY4zSpOImmMyRgPaVfDEOvVbjr1lcEjzQygHwn9QgWn7O+JFAdSTgJPd+Yu5LyWk/9p3UT5F27KwjhRNCSzRX7CoYpgHhIcMEGJ4hMNMBFM3wrJCAtMlI6yokNA85YXQatmIdtCd3a1flXEUQYH4BAcAwTOQR3cgAZoAgIewTN4BW/Gk/FivBsfs9aSUczsgz9lfP4AjWKdow==</latexit><latexit sha1_base64="K/X5SxbknJrUA++Uk0h/60H/R4I=">AAACF3icbVDLSgMxFM3UV62vUZdugkVw4zCpgm6EohsXLirYB3SmJZNm2tDMgyQjlGH+wo2/4saFIm5159+YaWehrRcSDufcy73neDFnUtn2t1FaWl5ZXSuvVzY2t7Z3zN29lowSQWiTRDwSHQ9LyllIm4opTjuxoDjwOG174+tcbz9QIVkU3qtJTN0AD0PmM4KVpvqm5QRYjQjm6W0GLyGyatBRLKASIruXnp5lkAS99KSWSf2jrG9WbcueFlwEqABVUFSjb345g4gkAQ0V4VjKLrJj5aZYKEY4zSpOImmMyRgPaVfDEOvVbjr1lcEjzQygHwn9QgWn7O+JFAdSTgJPd+Yu5LyWk/9p3UT5F27KwjhRNCSzRX7CoYpgHhIcMEGJ4hMNMBFM3wrJCAtMlI6yokNA85YXQatmIdtCd3a1flXEUQYH4BAcAwTOQR3cgAZoAgIewTN4BW/Gk/FivBsfs9aSUczsgz9lfP4AjWKdow==</latexit><latexit sha1_base64="K/X5SxbknJrUA++Uk0h/60H/R4I=">AAACF3icbVDLSgMxFM3UV62vUZdugkVw4zCpgm6EohsXLirYB3SmJZNm2tDMgyQjlGH+wo2/4saFIm5159+YaWehrRcSDufcy73neDFnUtn2t1FaWl5ZXSuvVzY2t7Z3zN29lowSQWiTRDwSHQ9LyllIm4opTjuxoDjwOG174+tcbz9QIVkU3qtJTN0AD0PmM4KVpvqm5QRYjQjm6W0GLyGyatBRLKASIruXnp5lkAS99KSWSf2jrG9WbcueFlwEqABVUFSjb345g4gkAQ0V4VjKLrJj5aZYKEY4zSpOImmMyRgPaVfDEOvVbjr1lcEjzQygHwn9QgWn7O+JFAdSTgJPd+Yu5LyWk/9p3UT5F27KwjhRNCSzRX7CoYpgHhIcMEGJ4hMNMBFM3wrJCAtMlI6yokNA85YXQatmIdtCd3a1flXEUQYH4BAcAwTOQR3cgAZoAgIewTN4BW/Gk/FivBsfs9aSUczsgz9lfP4AjWKdow==</latexit><latexit sha1_base64="K/X5SxbknJrUA++Uk0h/60H/R4I=">AAACF3icbVDLSgMxFM3UV62vUZdugkVw4zCpgm6EohsXLirYB3SmJZNm2tDMgyQjlGH+wo2/4saFIm5159+YaWehrRcSDufcy73neDFnUtn2t1FaWl5ZXSuvVzY2t7Z3zN29lowSQWiTRDwSHQ9LyllIm4opTjuxoDjwOG174+tcbz9QIVkU3qtJTN0AD0PmM4KVpvqm5QRYjQjm6W0GLyGyatBRLKASIruXnp5lkAS99KSWSf2jrG9WbcueFlwEqABVUFSjb345g4gkAQ0V4VjKLrJj5aZYKEY4zSpOImmMyRgPaVfDEOvVbjr1lcEjzQygHwn9QgWn7O+JFAdSTgJPd+Yu5LyWk/9p3UT5F27KwjhRNCSzRX7CoYpgHhIcMEGJ4hMNMBFM3wrJCAtMlI6yokNA85YXQatmIdtCd3a1flXEUQYH4BAcAwTOQR3cgAZoAgIewTN4BW/Gk/FivBsfs9aSUczsgz9lfP4AjWKdow==</latexit>

)

0 50 100 150 200 250 300

 [GeV]
T

offline tau p

0

0.2

0.4

0.6

0.8

1

T
ri
g
g
e
r 

E
ff
ic

ie
n
cy

Level 1

HLT tau25 medium RNN (0-3 precision tracks)

HLT tau25 medium BDT (1-3 precision tracks)

HLT tau25 medium BDT (1-3 fast tracks)

ATLAS Simulation Preliminary  = 13 TeVs

1-prong tau

0 50 100 150 200 250 300

 [GeV]
T

offline tau p

0

0.2

0.4

0.6

0.8

1

T
ri
g
g
e
r 

E
ff
ic

ie
n
cy

Level 1

HLT tau25 medium RNN (0-3 precision tracks)

HLT tau25 medium BDT (1-3 precision tracks)

HLT tau25 medium BDT (1-3 fast tracks)

ATLAS Simulation Preliminary  = 13 TeVs

3-prong tau

Figure 5: E�ciency of tau triggers as a function of the o�ine tau transverse momentum pT, for an ET
threshold of 12 GeV and a medium isolation requirement at L1, and an ET threshold of 25 GeV at the HLT.
The e�ciencies are estimated from Monte Carlo simulation using prompt taus produced in W(⌧⌫)+jets and
tt̄ events. E�ciencies are computed with respect to 1-prong (left) and 3-prong (right) o�ine taus passing
the medium BDT identification criteria. The three tau trigger versions present in the 2018 trigger menu
and the L1 trigger seeding the HLT selections are shown. Only statistical uncertainties are displayed. The
three HLT versions have comparable trigger rates.

Figure 6: Average rate of tau triggers as a function of the average number of pileup interactions, in pp
collisions at

p
s = 13 TeV delivered by the LHC between July and October 2018, corresponding to an

integrated luminosity of 36.8 fb�1. Rates are shown for the single-tau trigger with an ET threshold of 160
GeV at the HLT (left) and the ditau trigger with a L1Topo and a jet requirement at L1, and ET thresholds of
35 and 25 GeV at the HLT (right). The larger increase in the RNN ditau trigger rate at high pileup comes
from HLT tau candidates with no associated track, which were included in the RNN trigger to recover
e�ciency at low-ET. The single-tau trigger does not exhibit this behaviour due to its high-ET threshold.

13

 ε ~ 50% at ~20 GeV

(ATLAS)

(CMS)
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Figure 10: Distribution of the �R seperation of the two reconstructed tau candidates with highest pT and matched
to the trigger objects in simulated H ! ⌧⌧ events. Events are required to pass a typical analysis region requirement
of p

H

T
> 100 GeV and the L1Topo trigger requiring the presence of two close by tau candidates (red dashed line).

The blue line shows the same distribution if instead a classical L1 trigger is used.
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Figure 11: The left figure shows the selection e�ciency of an L1Topo algorithm selecting events with close-by
pairs of hadronically decaying tau leptons and an additional jet as a function of o�ine reconstructed jet pT and the
distance in (⌘, �) between the reconstructed tau leptons (�R(⌧, ⌧)). The right figure shows the e�ciency of the same
algorithm as a function of o�ine jet pT and compares it to the e�ciency of a similar L1 trigger without topological
requirements. The event sample was selected by an inclusive di-tau trigger.

energy density from pile-up interaction which allows a vanishing contribution to E
miss
T by the pile-up

calorimeter towers. This correction is then subtracted from the hard-scatter towers. The final E
miss
T value

is then determined from the negative sum of transverse energy of those pile-up corrected hard-scatter
towers.

Figure 15 shows the trigger cross section of various E
miss
T triggers, determined from the online rate and

luminosity, as a function of the pile-up. The MHT algorithm was employed as baseline E
miss
T trigger chain

in 2016. By requiring that the E
miss
T reconstructed at the HLT by both algorithms (cell and MHT) exceed a

certain minimal value the dependence of the rate on the pile-up activity can be reduced. An even stronger
reduction is achieved by the pile-up correction algorithm. Figure 16 shows the cumulative e�ciency of
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 ε ~ 50% at ~50 GeV

(ATLAS)

(CMS)
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