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Overview

• The Run 2 (usual) lifetime of a search 

• Power of the all hadronic search 

• The bumps in the road ahead
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As per usual with this sort of talk only a 
sampling of the possible topics are discussed. 

SUSY not discussed 

Apologies if your favorite topic is not included. 
Please mention in discussion afterwards!
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Run 1: Success!
• ~500 papers submitted by each ATLAS & CMS 

• Wide range of precision measurements  

• Extensive searches with 1 or 2 interesting features 

• A new particle, confirmation of our understanding of mass
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Run 1, it was good…

1/09/2015 JMB, QCD@LHC 2015, ATLAS & CMS 5

• 400 papers submitted by each of ATLAS and CMS
• Wide range of precision measurements (several to be discussed 

here)
• Extensive searches, with one of two interesting anomalies
• A new particle, confirmation of our understanding of mass



G. Facini: QCD@LHC BSM & Higgs Aug 26, 2016

Run 1: Higgs-centric!
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All about that Higgs

• Couplings/decay rates

1/09/2015 JMB, QCD@LHC 2015, ATLAS & CMS 9

arXiv:1412.8662
arXiv:1507.04548All Higgs results are consistent 

with the Standard Model Eur. Phys. J. C (2016) 76:6
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• Need something unexpected to advance our knowledge 

• Do things that have never been done...  

• Probing physics at unexplored energies 

• Unprecedented rates of pp collisions  

• Using state-of-the-art tools 

• Recipe for discovery: Expect the unexpected 

• NB: New physics can hide in the uncertainties!

Run 2

Exciting times!!

5



The lifetime of a Run 2 search

6

(the simplest example)
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Run 2: Searches
• At start, profit from increase in √s to probe higher 

masses than Run 1 
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Run 2: Searches
• potential for discovery was huge out of the gate and it 

was in QCD signatures were we started 

• 20/fb @ 8 TeV ~ 0.2/fb @ 13 TeV

short game -  
get a quick and 

robust background 
estimation and get 

the results out!
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• potential for discovery was huge out of the gate and it 
was in QCD signatures were we started 

• Black holes searches were even more exciting

9

3

compared with a leading-order QCD Monte Carlo (MC) prediction from the PYTHIA 8 (v205)
[35] generator with the CUETP8M1 tune [36, 37], including a GEANT4-based [38] simulation
of the CMS detector. The PYTHIA simulation uses the NNPDF2.3LO [39] parton distribution
functions (PDF). The renormalization and factorization scales are both set at the pT value of the
hard-scattered partons. The MC prediction is normalized to the integrated contents of the data
in Fig. 1, requiring multiplication of the predicted cross section by a factor of 0.88.

To test the smoothness of the measured dijet mass spectrum, we fit the data with the parame-
terization

ds

dmjj
=

P0(1 � x)P1

xP2+P3 ln (x)
, (1)

where x = mjj/
p

s and P0, P1, P2, and P3 are fitted parameters. This functional form was also
used in previous searches [3–12, 40] to describe the data and the QCD predictions. In Fig. 1 we
show the result of the binned maximum likelihood fit, which yields c2 = 31 for 35 degrees of
freedom, where the c2 is determined using the Poisson uncertainties shown in Fig. 1. The data
are seen to be well described by the fit.

We search in the dijet mass spectrum for narrow resonances. Figure 2 shows example dijet
mass distributions for simulated signal events, generated with the PYTHIA 8 program. The pre-
dicted mass distributions have Gaussian cores from the jet energy resolution, and tails towards
lower mass values primarily from QCD radiation. The contribution of this low-mass tail to the
lineshape depends on the parton content of the resonance (qq, qg, or gg). Resonances contain-
ing gluons, which emit QCD radiation more strongly than quarks, have a more pronounced
tail. For the high-mass resonances, there is also a significant contribution that depends both
on the PDF and on the natural width of the Breit–Wigner resonance. For resonances produced
through interactions of nonvalent partons in the proton, the low-mass component of the Breit–
Wigner resonance distribution is amplified by the rise of the parton probability distribution at
low fractional momentum. These effects cause a large tail at low mass values. Neglecting the
tails, the approximate value of the dijet mass resolution varies with resonance mass from 7% at
1.5 TeV to 4% at 7 TeV.

There is no evidence for a narrow resonance in the data, as seen from Fig. 1. The most signifi-
cant excess in the data relative to the background fit occurs for a dijet mass of 3.9 TeV. A fit to
the hypothesis of a narrow qq resonance, which includes contributions from the bin at 3.9 TeV
and neighboring bins, has a local statistical significance of 1.7 standard deviations. Figure 1
includes example signal distributions of the three kinds of narrow resonances (qq, qg, and gg)
at the mass values (6.0, 5.0, and 3.1 TeV) corresponding to the limit set on the respective models
(scalar diquark, excited quark, and color-octet scalar). These limits are presented below.

We use the dijet mass spectrum from wide jets, the background parameterization, and the dijet
resonance shapes to set limits on new particles decaying to the parton pairs qq (or qq), qg,
and gg. A separate limit is determined for each final state (qq, qg, and gg) because of the
dependence of the dijet resonance shape on the type of the two final-state partons.

The dominant sources of systematic uncertainty are the jet energy scale, jet energy resolution,
integrated luminosity, and the estimation of background. The uncertainty in the jet energy
scale is 2%, determined from Run 2 data using the methods described in Ref. [33]. This un-
certainty is propagated to the limits by shifting the dijet mass for signal events by ±2%. The
uncertainty in the jet energy resolution translates into an uncertainty of 10% in the resolution
of the dijet mass [33], and is propagated to the limits by increasing and decreasing by 10% the
reconstructed width of the dijet mass shape for signal. The luminosity scale and its uncertainty
are estimated from beam-beam scans utilizing the methods from Ref. [41]. The uncertainty in

largest concern: smoothness

model QCD with fit:

Run 2: Searches

ATLAS-CONF-2015-042
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Run 2: Searches
• potential for discovery was huge out of the gate and it 

was in QCD signatures were we started 

• Huge jump in reach from √s

• Limits: 5.6–>6.5 TeV

10

expected limit @ 5 TeV: 0.057 pb
ATLAS-CONF-2015-042
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• potential for discovery was huge out of the gate and it 
was in QCD signatures were we started 

• mass reach grows like log(L) [1.5 TeV for factor 50]

• Limits: 6.5–>8.1 TeV

11

expected limit @ 5 TeV: 0.006 pb

sqrt(3.6/0.08)

Search Lifetime

PLB 754 (2016) 302-322
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• potential for discovery was huge out of the gate and it 
was in QCD signatures were we started 

• mass reach grows like log(L) [1.5 TeV for factor 50]

• Limits: 8.1–>8.7 TeV

12

sqrt(15.7/3.6)

expected limit @ 5 TeV: 0.003 pb
cross section limit shrinks like √L

Search Lifetime

ATLAS-CONF-2016-069
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stat limited…always
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this is where precision 
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makes a difference

psychology - how low can you go??
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• The simplicity of the bump hunt leaves a weakness 

• insensitivity to non-resonant behavior

• Complementary  
search needed!

14

Besides Bumps

Angular analysis intro Run-2 strategy

Analysis idea, variables

Underlying idea:

- QCD dijet production: mainly t-channel () small scattering angles)

- BSM: more isotropic dijet angular distribution

Method: angular distributions in dijet system rest frame.

more QCD-like

more BSM-like
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8 TeV results: insignificant but

encouraging!

Work closely with mass resonance search:

- use the same objects, but wider y⇤ window

- triggers, performance, analysis framework, MC requests...

- same blinding strategy in |y⇤| < 0.6, our signal region

Di↵erences:

- prediction for SM shape – not a fit

- sensitive to non-resonant phenomena (benchmark:
contact interactions) – complementary discovery potential!

- need all possible handles on data/MC agreement for first
data ) use |y⇤| > 0.6 region without blinding as control
region

We aim for a fast 50 ns analysis!

2

New physics =  
isotropic decays Rutherford scattering
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• The simplicity of the bump hunt leaves a weakness 

• insensitivity to non-resonant behavior

• Complementary  
search needed!

15

Besides Bumps
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New physics =  
isotropic decays Rutherford scattering
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ATLAS-CONF-2016-069

Bkgd: Pythia with 
NLO QCD+EW  
corrections
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• The simplicity of the bump hunt leaves a weakness 

• insensitivity to non-resonant behavior

• Complementary  
search needed!

16

Besides Bumps

this is where precision 
in background knowledge 

makes a difference
Λ=scale of new physics

ATLAS-CONF-2016-069

Bkgd: Pythia with 
NLO QCD+EW  
corrections
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QCD Community

• The foundation of a long and health physics program: 

1. Great operations: accelerator and detector 

2. Robust object reconstruction / identification 

3. Precise measurements & calculations are the 
shoulders of the giants we stand on

17
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QCD Precision

• Three cases where precise knowledge of QCD is/
will be the important in the long run [personal view] 

1. Substructure: How far can the data driven 
corrections go? 

2. MET searches: PDFs and transfer factors 

3. H(bb)

18
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QCD is the Key

19

• Three cases where precise knowledge of QCD will 
be the critical in the long run (personal opinion) 

1. Substructure: How far can the data driven 
corrections go? 

2. MET searches: PDFs and transfer factors 

3. H(bb)
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• Heavy things decaying to W or Z’s 

“Fat" Jets

20
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QCD in Searches

21

• Most analyses: designed to suppress QCD: 

• Use Leptons, Missing ET, photons 

• QCD contribution described by cocktail of MC predictions 
plus data driven approach 

• But…All Hadronic Searches are the leading edge of search 
programs i.e…. 

• (HVT->)VV->qqqq 

• (HVT->)VH->qqbb 

• (G->)HH->bbbb 

• … very dependent on substructure techniques
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QCD in Searches
• Most analyses: designed to suppress QCD: 

• Use Leptons, Missing ET, photons 

• QCD contribution described by cocktail of MC predictions 
plus data driven approach 

• But…All Hadronic Searches are the leading edge of search 
programs i.e….(small sampling) 

• (HVT->)VV->qqqq 

• (HVT->)VH->qqbb 

• (G->)HH->bbbb 

• … very dependent on substructure techniques
22
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• Heavy things decaying to W or Z’s 
Boosted Vs

leptons triggers  
to suppress  

QCD backgrounds

embrace QCD
suppress bkgd rate 
with substructure

23

model QCD with fit 
validate with MC

heavily rely on MC with 
(complicated) profile likelihoods
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• Heavy things decaying to W or Z’s 
Boosted Vs

leptons triggers  
to suppress  

QCD backgrounds

24

heavily rely on MC with 
(complicated) profile likelihoods
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profile likelihoods facilitate  
searching in the presence of  
ignorance of backgrounds
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• Heavy things decaying to W or Z’s  

• Run 1 excitement 

Boosted Vs 3

compared with a leading-order QCD Monte Carlo (MC) prediction from the PYTHIA 8 (v205)
[35] generator with the CUETP8M1 tune [36, 37], including a GEANT4-based [38] simulation
of the CMS detector. The PYTHIA simulation uses the NNPDF2.3LO [39] parton distribution
functions (PDF). The renormalization and factorization scales are both set at the pT value of the
hard-scattered partons. The MC prediction is normalized to the integrated contents of the data
in Fig. 1, requiring multiplication of the predicted cross section by a factor of 0.88.

To test the smoothness of the measured dijet mass spectrum, we fit the data with the parame-
terization

ds

dmjj
=

P0(1 � x)P1

xP2+P3 ln (x)
, (1)

where x = mjj/
p

s and P0, P1, P2, and P3 are fitted parameters. This functional form was also
used in previous searches [3–12, 40] to describe the data and the QCD predictions. In Fig. 1 we
show the result of the binned maximum likelihood fit, which yields c2 = 31 for 35 degrees of
freedom, where the c2 is determined using the Poisson uncertainties shown in Fig. 1. The data
are seen to be well described by the fit.

We search in the dijet mass spectrum for narrow resonances. Figure 2 shows example dijet
mass distributions for simulated signal events, generated with the PYTHIA 8 program. The pre-
dicted mass distributions have Gaussian cores from the jet energy resolution, and tails towards
lower mass values primarily from QCD radiation. The contribution of this low-mass tail to the
lineshape depends on the parton content of the resonance (qq, qg, or gg). Resonances contain-
ing gluons, which emit QCD radiation more strongly than quarks, have a more pronounced
tail. For the high-mass resonances, there is also a significant contribution that depends both
on the PDF and on the natural width of the Breit–Wigner resonance. For resonances produced
through interactions of nonvalent partons in the proton, the low-mass component of the Breit–
Wigner resonance distribution is amplified by the rise of the parton probability distribution at
low fractional momentum. These effects cause a large tail at low mass values. Neglecting the
tails, the approximate value of the dijet mass resolution varies with resonance mass from 7% at
1.5 TeV to 4% at 7 TeV.

There is no evidence for a narrow resonance in the data, as seen from Fig. 1. The most signifi-
cant excess in the data relative to the background fit occurs for a dijet mass of 3.9 TeV. A fit to
the hypothesis of a narrow qq resonance, which includes contributions from the bin at 3.9 TeV
and neighboring bins, has a local statistical significance of 1.7 standard deviations. Figure 1
includes example signal distributions of the three kinds of narrow resonances (qq, qg, and gg)
at the mass values (6.0, 5.0, and 3.1 TeV) corresponding to the limit set on the respective models
(scalar diquark, excited quark, and color-octet scalar). These limits are presented below.

We use the dijet mass spectrum from wide jets, the background parameterization, and the dijet
resonance shapes to set limits on new particles decaying to the parton pairs qq (or qq), qg,
and gg. A separate limit is determined for each final state (qq, qg, and gg) because of the
dependence of the dijet resonance shape on the type of the two final-state partons.

The dominant sources of systematic uncertainty are the jet energy scale, jet energy resolution,
integrated luminosity, and the estimation of background. The uncertainty in the jet energy
scale is 2%, determined from Run 2 data using the methods described in Ref. [33]. This un-
certainty is propagated to the limits by shifting the dijet mass for signal events by ±2%. The
uncertainty in the jet energy resolution translates into an uncertainty of 10% in the resolution
of the dijet mass [33], and is propagated to the limits by increasing and decreasing by 10% the
reconstructed width of the dijet mass shape for signal. The luminosity scale and its uncertainty
are estimated from beam-beam scans utilizing the methods from Ref. [41]. The uncertainty in

model QCD with fit:

25

• Heavy things decaying to W or Z’s then to jets
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• Heavy things decaying to W or Z’s  

• Run 1 excitement did not return for Run 2

Boosted Vs 3

compared with a leading-order QCD Monte Carlo (MC) prediction from the PYTHIA 8 (v205)
[35] generator with the CUETP8M1 tune [36, 37], including a GEANT4-based [38] simulation
of the CMS detector. The PYTHIA simulation uses the NNPDF2.3LO [39] parton distribution
functions (PDF). The renormalization and factorization scales are both set at the pT value of the
hard-scattered partons. The MC prediction is normalized to the integrated contents of the data
in Fig. 1, requiring multiplication of the predicted cross section by a factor of 0.88.

To test the smoothness of the measured dijet mass spectrum, we fit the data with the parame-
terization

ds

dmjj
=

P0(1 � x)P1

xP2+P3 ln (x)
, (1)

where x = mjj/
p

s and P0, P1, P2, and P3 are fitted parameters. This functional form was also
used in previous searches [3–12, 40] to describe the data and the QCD predictions. In Fig. 1 we
show the result of the binned maximum likelihood fit, which yields c2 = 31 for 35 degrees of
freedom, where the c2 is determined using the Poisson uncertainties shown in Fig. 1. The data
are seen to be well described by the fit.

We search in the dijet mass spectrum for narrow resonances. Figure 2 shows example dijet
mass distributions for simulated signal events, generated with the PYTHIA 8 program. The pre-
dicted mass distributions have Gaussian cores from the jet energy resolution, and tails towards
lower mass values primarily from QCD radiation. The contribution of this low-mass tail to the
lineshape depends on the parton content of the resonance (qq, qg, or gg). Resonances contain-
ing gluons, which emit QCD radiation more strongly than quarks, have a more pronounced
tail. For the high-mass resonances, there is also a significant contribution that depends both
on the PDF and on the natural width of the Breit–Wigner resonance. For resonances produced
through interactions of nonvalent partons in the proton, the low-mass component of the Breit–
Wigner resonance distribution is amplified by the rise of the parton probability distribution at
low fractional momentum. These effects cause a large tail at low mass values. Neglecting the
tails, the approximate value of the dijet mass resolution varies with resonance mass from 7% at
1.5 TeV to 4% at 7 TeV.

There is no evidence for a narrow resonance in the data, as seen from Fig. 1. The most signifi-
cant excess in the data relative to the background fit occurs for a dijet mass of 3.9 TeV. A fit to
the hypothesis of a narrow qq resonance, which includes contributions from the bin at 3.9 TeV
and neighboring bins, has a local statistical significance of 1.7 standard deviations. Figure 1
includes example signal distributions of the three kinds of narrow resonances (qq, qg, and gg)
at the mass values (6.0, 5.0, and 3.1 TeV) corresponding to the limit set on the respective models
(scalar diquark, excited quark, and color-octet scalar). These limits are presented below.

We use the dijet mass spectrum from wide jets, the background parameterization, and the dijet
resonance shapes to set limits on new particles decaying to the parton pairs qq (or qq), qg,
and gg. A separate limit is determined for each final state (qq, qg, and gg) because of the
dependence of the dijet resonance shape on the type of the two final-state partons.

The dominant sources of systematic uncertainty are the jet energy scale, jet energy resolution,
integrated luminosity, and the estimation of background. The uncertainty in the jet energy
scale is 2%, determined from Run 2 data using the methods described in Ref. [33]. This un-
certainty is propagated to the limits by shifting the dijet mass for signal events by ±2%. The
uncertainty in the jet energy resolution translates into an uncertainty of 10% in the resolution
of the dijet mass [33], and is propagated to the limits by increasing and decreasing by 10% the
reconstructed width of the dijet mass shape for signal. The luminosity scale and its uncertainty
are estimated from beam-beam scans utilizing the methods from Ref. [41]. The uncertainty in

model QCD with fit:
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• Heavy things decaying to W or Z’s then to jets

largest concern: smoothness
Recall:
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Run 2 data does not support Run I excess

Boosted Vs
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2-lepton, 1-lepton, 0-lepton(MET, JJ)
low mass 

good mass resolution 
good to trigger

high mass 
High signal yield
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Controlling Substructure
• Understanding jet substructure is critical for 

physics above the EW symmetry breaking scale 

• How do we control it? Data Driven!

28
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Controlling Substructure
• Understanding jet substructure is critical for 

physics above the EW symmetry breaking scale 

• How do we control it? Data Driven!

29

Ntrk: A powerful variable for 
experimentalists but MC-

dependent & non-perturbative 

More theoretically robust variables 
could help?
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• Understanding jet substructure is critical for 
physics above the EW symmetry breaking scale 

• How do we control it? Data Driven!

30

  50

What is our mass calibration?
● ATLAS

– Down to 5%
– Track/Calo balance

● CMS
– Down to 1%
– W peak in tops

energy

Controlling Substructure

EPJC 76(3), 1-47efficiency



G. Facini: QCD@LHC BSM & Higgs Aug 26, 2016

Boosted V/Hs
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Boosted Hs

32

• The Higgs discovery gave us a new search tool 

• similar to diboson searches, maximal signal yield 
with hadronic decays (b’s!!!) 

• Added complexity of flavor tagging

tagging subjets vs 
matching tagged track jets 

13

What has been done: NLL resummation
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Figure 3: The energy correlation functions C
(↵=2)
1 for quark-initiated jets. Here we compare

Pythia 8 [120] (left), our MLL formula in Eq. (3.8) (right, dashed curves), and our MLL

plus multiple-emissions formula in Eq. (3.13) (right, solid curves). These ↵ = 2 curves

correspond to the case of jet mass-squared (normalized to jet energy squared). We show

both the ungroomed (plain jet) distribution, as well as groomed distributions from soft drop

declustering with zcut = 0.1 and various values of �. For � = 2, 1, we see the expected Sudakov

double logarithmic peaks, while � = 0 (mMDT) has only single logarithms and � = �1 cuts

o↵ at small values. The Pythia 8 distributions do not have hadronization e↵ects, and the

MLL distributions are evaluated by freezing ↵s in the infrared.

find worst agreement between analytics and Monte Carlo in the ungroomed (plain jet) case.

However, one should keep in mind that although the two approximations are roughly of the

same accuracy (MLL), Monte Carlo parton showers also partially contain many subleading

e↵ects. Using the results of Refs. [92, 93], we have checked that subleading e↵ects (like initial-

state radiation and non-global logarithms) play a non-negligible role. Indeed, Pythia 8 is

closer to the full NLL result than to the (less accurate) MLL plus multiple emissions one

presented here. Because the action of soft drop is to remove large-angle soft radiation (e.g.

initial state radiation and non-global logarithms), it is reassuring that our calculations for

the finite � soft-drop curves are indeed in better agreement with the parton shower.

In Fig. 4, we compare our analytic resummation to the parton shower for C
(↵)
1 with

↵ = 1.5, 1, 0.5. Again, the plots on the left are obtained with Pythia 8 while the ones on

the right are the MLL plus multiple emissions results. The same gross features seen with

↵ = 2 are also present here, including the fact that the agreement between Monte Carlo and

analytics is better with grooming than without. Overall, however, the agreement gets worse

– 16 –

AJL, Marzani, Soyez, Thaler 2014
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Boosted Hs
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13 TeV summary plot not available … yet
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Boosted Hs

CMS employs 2 different data driven background 
methods profiting from comparison 

Here: Expanded ABCD method (alphabet) using 
untagged events to model tagged events

34

8 4 Background and signal models

polates the pass-fail ratio through the signal region in mJ, and every event in the anti-tag region
is scaled by the appropriate pass-fail ratio given the corresponding mJ.

The operating point of the double-b tagger is chosen such that the pass-fail ratio is about 10%.
This ensures sufficient number of events in the mJ sideband. It also permits a reliable back-
ground estimate in regions of the Mred

jj distribution where there are no events in the signal
region. The double-b tagger mistag efficiency shows no dependence on the jet pT [32]; for this
reason the measured pass-fail ratio can be used in the entire range of Mred

jj .

Figure 3 (left) shows the quadratic fit in the mJ sidebands of the pass-fail ratio Rp/ f as a function
of mJ, as obtained in the data. Note that the signal region and anti-tag regions are left blinded
for this fit. The predicted background using this method, along with the number of observed
events in the signal region is shown in Fig. 3 (right). The estimated background shape and
normalization is found to be in good agreement with the data spectrum.
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Figure 3: Fit to the mJ sideband regions for the pass-fail ratio Rp/ f along with the fit uncer-
tainties (left). The right figure shows the predicted Mred

jj background distribution in the signal
region, after applying the “Alphabet” method. The statistical and total uncertainties on the
predicted background are also shown. The black markers with the error bars are the data.
The lower panel shows the difference between the observed and predicted events for each his-
togram bin, divided by the statistical uncertainty on the observed events.

Two systematic uncertainties on the predicted background normalization arise naturally from
this estimate. The dominant one is the uncertainty in the fit to the mJ sideband regions. The
uncertainty in the fit is shown as a dashed line enveloping the fit in Fig. 3 (left). This uncertainty
is treated as fully correlated between all Mred

jj bins when searching for a signal. The second
source of uncertainty comes from propagating the statistical uncertainty in the anti-tag region
to the signal region. This uncertainty is uncorrelated between bins and is smaller than the
fitting uncertainty.

The signal Mred
jj distributions in the signal region are shown in Fig. 4 for different resonance

mass hypotheses. The bin widths are increased at higher masses to match the expected resolu-
tion of the resonances.
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Is This Enough?

35

• Do we understand substructure enough to: 

• Check our cuts do not sculpt the background 

• Check our background models are accurate 

• Perform non-resonant searches based on MC driven 
backgrounds? Also searches for X>YY->jjjj exist!

(covers RPV SUSY)
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Is This Enough?

36

2012: Open question in preparation for Run 2

• Do we understand substructure enough to: 

• Check our cuts do not sculpt the background 

• Check our background models are accurate 

• Perform non-resonant searches based on MC driven 
backgrounds?
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2012: Open question in preparation for Run 2
2013: There is hope!

Calculations for groomers

A timeline of NNLO hadron collider 
cross sections

•Complete NNLO hadron-collider cross sections with control over kinematics: 

2005

Higgs

2006

W,Z

2007 2008 2009 2010 2011 2012 2013 2014 2015

WH 
γγ

tt 
Zγ

Wγ 
WW 
ZH 
ZZ 
t

Wj 
Hj 
Zj 

VBF

NNLO, including for jets, becoming available for 2→2 
scattering in time for high-precision Run II data

groomed jet mass
precision 

QCD

gr
oo

ming

2013: yes we can

2016: and we can 
          reach precision

Gavin Salam (CERN) Towards an understanding of jet substructure Boost 2013, Flagstaff, August 2013 40
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• less theory talks, same people… reasons to despair ?
•  Questioning is healthy but we shouldn’t be too hard on ourselves

2012: can we calculate 
these things at all?

11

• Do we understand substructure enough to: 

• Check our cuts do not sculpt the background 

• Check our background models are accurate 

• Perform non-resonant searches based on MC driven 
backgrounds?

[Dasgupta, Fregoso, Marzani, Salam ’13] 
[Larkoski, Marzani, Soyez, Thaler ‘14]

Calculations

mc analytic

zcutr2zcut
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Comparison with Pythia8 Monte Carlo

Almost three decades of perturbative control in a single jet distribution!

Results: NNLL+αs2 Jet Substructure

��-� ��-� ����� ����� ����� �
���

���

���

���

���

��
�

���

��
��
���
�
��
��
��
���
��

���� ���� ������� ����
���� ����� ���� = ���� β = �
�� ���� �� → �+�� ��� > ��� ���� � = ���

������� (�� ���+��)
������� (���+��)
����+α��

��-� ����� ����� ����� �
����

����

����

����

����

����

����

����

��
�

���

��
��
���
�
��
��
��
���
��

���� ���� ������� ����
���� ����� ���� = ���� β = �
�� ���� �� → �+�� ��� > ��� ���� � = ���

������� (�� ���+��)
������� (���+��)
����+α��

NNLL+αs2, β = 1NNLL+αs2, β = 0

Hadronization and underlying event only dominate form2
J/p

2
T . 10�3
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Calculations

38

2012: Open question in preparation for Run 2
2013: There is hope!
2016: Precision

• Do we understand substructure enough to: 

• Check our cuts do not sculpt the background 

• Check our background models are accurate 

• Perform non-resonant searches based on MC driven 
backgrounds?

[See P. F. Monni, T. Becher talks]

[Frye, Larkoski, 
Schwartz, Yan ‘16]
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Measurements!?

39

2012: Open question in preparation for Run 2
2013: There is hope!
2016: Precision
2017: Measurements!?

• Do we understand substructure enough to: 

• Check our cuts do not sculpt the background 

• Check our background models are smooth 

• Perform non-resonant searches based on MC driven 
backgrounds?
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• Three cases where precise knowledge of QCD will 
be the critical in the long run (my guess) 

• 1. Substructure: How far can the data driven 
corrections go? 

• 2. MET searches: PDFs and transfer factors

• 3. After the bump hunt era - the non-resonant 
searches 

• Bonus: H(bb) [to stay true to the title of the talk]

QCD is the Key

40
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MET Based Searches

• Motivation - non-interacting or long life time 

• Long lifetime - requires detailed detailed 
understanding of detector (will not cover here) 

• MET based - “MET is hard to model”  

• The use of CRs and transfer factors

41
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MET Based Searches
• Motivation: Dark Matter (one of many)

42

Shin-Shan Eiko Yu 2

Why Dark Matter At LHC?

Dark Energy 
68.3%

Ordinary Matter 
4.9%

Dark Matter 
26.8%

• Evidence of dark matter well established from astrophysical 
observations 

• The exact nature of DM is still unknown 

• LHC provides a prime laboratory for production of DM 

• Can probe a wide range of DM/SM interaction types

Production at Colliders

Indirect Detection

DM

DM SM

SMD
ire

ct
 D

et
ec

tio
n

Matter/Energy Today
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MET Based Searches
• Motivation: Dark Matter (one of many)

Signal model

Z’ Dark Matter (DM) mediator
Link to paper

MadGraph “dmA” model created by the Dark Matter Forum
Two new particles

Z’ mediator of mass MR
DM candidate � of mass m�

Two new couplings
coupling gSM of Z’ to quarks
coupling gDM of Z’ to �

Same model used by all ATLAS dijet & monojet searches

Lydia Beresford The ISR + Dijet Analysis July 7, 2016 4 / 28

• Simple model to communicate results of many 
experiments 

43



G. Facini: QCD@LHC BSM & Higgs Aug 26, 2016

MET Based Searches
• Motivation: Dark Matter (one of many)

Signal model

Z’ Dark Matter (DM) mediator
Link to paper

MadGraph “dmA” model created by the Dark Matter Forum
Two new particles

Z’ mediator of mass MR
DM candidate � of mass m�

Two new couplings
coupling gSM of Z’ to quarks
coupling gDM of Z’ to �

Same model used by all ATLAS dijet & monojet searches

Lydia Beresford The ISR + Dijet Analysis July 7, 2016 4 / 28

• Simple model to communicate results of many 
experiments 

MET

ISR

44
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Signal model

Z’ Dark Matter (DM) mediator
Link to paper

MadGraph “dmA” model created by the Dark Matter Forum
Two new particles

Z’ mediator of mass MR
DM candidate � of mass m�

Two new couplings
coupling gSM of Z’ to quarks
coupling gDM of Z’ to �

Same model used by all ATLAS dijet & monojet searches

Lydia Beresford The ISR + Dijet Analysis July 7, 2016 4 / 28

MET Based Searches
• Motivation: Dark Matter (one of many)

• Simple model to communicate results  
of many experiments 

ISR

BumpHuntMET

45
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Mono-Jet

46

CMS PAS EXO-12-055
arXiv:1502.01518

Search for signal in tail of missing ET distribution

χ

χ

gq

qχ

χ

qg

q χ

χ

gq

q
Z’

Workhorse Analysis.
  - Constrain WIMP models over broad mass range   
  - Sensitivity to many other BSM models.

Dark Matter produced through new mediator or other new physics process. 
  - WIMPs escape detection
  - Infer presence of Dark Matter from PT imbalance.

Search for signal in tail of missing ET distribution

Mono-Jet Search

37

q̄

q

DM

DM

Looking for new phisics in MET tails
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Modeling MET

47

• Model MET by 
transferring information 
from control regions 
(CRs) to signal regions 

• Possible CRs by 
replacing Z->vv with: 

• Z->μμ/ee 

• W->μν/eν 

• γ

Mono-Jet Search

Search for signal in tail of missing ET distribution

χ

χ

gq

qχ

χ

qg

q

Workhorse Analysis.
  - Constrain WIMP models over broad mass range   
  - Sensitivity to many other BSM models.

Dark Matter produced through new mediator or other new physics process. 
  - WIMPs escape detection
  - Infer presence of Dark Matter from PT imbalance.
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Fig. 6 Measured distributions of (a) the jet multiplicity, (b) Emiss
T , (c) leading jet pT, and (d) the leading jet pT to Emiss

T
ratio for the SR1 selection compared to the SM expectations. The Z(→ νν̄)+jets contribution is shown as constrained by
the W (→ µν)+jets control sample. Where appropriate, the last bin of the distribution includes overflows. For illustration
purposes, the distribution of different ADD, WIMP and GMSB scenarios are included. The error bands in the ratios shown
in lower panels include both the statistical and systematic uncertainties on the background expectations.

8.1 Large extra spatial dimensions

The results are translated into limits on the parameters of the ADD model. The typical A×ϵ of the selection
criteria vary, as the number of extra dimensions n increases from n = 2 to n = 6, between 23% and 33% for
SR1 and between 0.3% and 1.4% for SR9, and are approximately independent of MD.

The experimental uncertainties related to the jet and Emiss
T scales and resolutions introduce, when

combined, uncertainties in the signal yields which vary between 2% and 0.7% for SR1 and between 8%
and 5% for SR9, with increasing n. The uncertainties on the proton beam energy result in uncertainties on
the signal cross sections which vary between 2% and 5% with increasing n, and uncertainties on the signal
acceptance of about 1% for SR1 and 3%–4% for SR9. The uncertainties related to the modelling of the
initial- and final-state gluon radiation translate into uncertainties on the ADD signal acceptance which vary
with increasing n between 2% and 3% in SR1 and between 11% and 21% in SR9. The uncertainties due to
PDF, affecting both the predicted signal cross section and the signal acceptance, result in uncertainties on
the signal yields which vary with increasing n between 18% and 30% for SR1 and between 35% and 41% for
SR9. For the SR1 selection, the uncertainty on the signal acceptance itself is about 8%–9%, and increases
to about 30% for the SR9 selection. Similarly, the variations of the renormalization and factorization scales
introduce a 9% to 30% change in the signal acceptance and a 22% to 40% uncertainty on the signal yields
with increasing n and Emiss

T requirements.
The signal region SR7 provides the most stringent expected limits and is used to obtain the final results.

Figure 8 shows, for the SR7 selection, the ADD σ × A × ϵ as a function of MD for n = 2, n = 4, and
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Modeling MET

48

• Model MET by 
transferring information 
from control regions 
(CRs) to signal regions 

• Possible CRs by 
replacing Z->vv with: 

• Z->μμ/ee 

• W->μν/eν 

• γ

Mono-Jet Search

Search for signal in tail of missing ET distribution

χ

χ

gq

qχ

χ

qg

q

Workhorse Analysis.
  - Constrain WIMP models over broad mass range   
  - Sensitivity to many other BSM models.

Dark Matter produced through new mediator or other new physics process. 
  - WIMPs escape detection
  - Infer presence of Dark Matter from PT imbalance.
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Fig. 6 Measured distributions of (a) the jet multiplicity, (b) Emiss
T , (c) leading jet pT, and (d) the leading jet pT to Emiss

T
ratio for the SR1 selection compared to the SM expectations. The Z(→ νν̄)+jets contribution is shown as constrained by
the W (→ µν)+jets control sample. Where appropriate, the last bin of the distribution includes overflows. For illustration
purposes, the distribution of different ADD, WIMP and GMSB scenarios are included. The error bands in the ratios shown
in lower panels include both the statistical and systematic uncertainties on the background expectations.

8.1 Large extra spatial dimensions

The results are translated into limits on the parameters of the ADD model. The typical A×ϵ of the selection
criteria vary, as the number of extra dimensions n increases from n = 2 to n = 6, between 23% and 33% for
SR1 and between 0.3% and 1.4% for SR9, and are approximately independent of MD.

The experimental uncertainties related to the jet and Emiss
T scales and resolutions introduce, when

combined, uncertainties in the signal yields which vary between 2% and 0.7% for SR1 and between 8%
and 5% for SR9, with increasing n. The uncertainties on the proton beam energy result in uncertainties on
the signal cross sections which vary between 2% and 5% with increasing n, and uncertainties on the signal
acceptance of about 1% for SR1 and 3%–4% for SR9. The uncertainties related to the modelling of the
initial- and final-state gluon radiation translate into uncertainties on the ADD signal acceptance which vary
with increasing n between 2% and 3% in SR1 and between 11% and 21% in SR9. The uncertainties due to
PDF, affecting both the predicted signal cross section and the signal acceptance, result in uncertainties on
the signal yields which vary with increasing n between 18% and 30% for SR1 and between 35% and 41% for
SR9. For the SR1 selection, the uncertainty on the signal acceptance itself is about 8%–9%, and increases
to about 30% for the SR9 selection. Similarly, the variations of the renormalization and factorization scales
introduce a 9% to 30% change in the signal acceptance and a 22% to 40% uncertainty on the signal yields
with increasing n and Emiss

T requirements.
The signal region SR7 provides the most stringent expected limits and is used to obtain the final results.

Figure 8 shows, for the SR7 selection, the ADD σ × A × ϵ as a function of MD for n = 2, n = 4, and
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Figure 3 – Distributions in the transverse momenta of the Z boson (left) and of the photon (center) for Z + 1j
and � + 1j production at

p
s = 8 TeV. Curves and bands as in Fig. 1. In the right plot the ratio of the p

T

of the
Z and the photon together with the relative corrections in the ratio with respect to the LO ratio are shown using
the same color coding as before.

�+1j production are shown respectively. We require for the associated jet p
T,j > 110 GeV and

|⌘j | < 2.4 and veto a possible second jet with p
T,j > 30 GeV and ��j

1

j
2

> 2.5. These cuts
are in agreement with a setup employed by CMS in an upcoming monojet search. The NLO
QCD corrections to both processes are almost identical at large transverse momentum of the
produced gauge bosons p

T,V , while they di↵er slightly at small p
T,V due to the finite mass of

the produced Z. NLO QCD scale uncertainties are at the level of 10%. On the contrary, the
EW corrections to Z+1j production are enhanced compared to �+1j production and at 1 TeV
they reach �20% and �8% respectively. In the right plot of Fig. 3 we show the ratio in p

T,V of
Z + 1j over � + 1j production. This observable is fairly stable in the considered p

T

range and
QCD corrections are below 10%. However, EW corrections result in an almost constant shift of
about 10% comparing the p

T

-ratio at LO and NLO QCD+ EW. Such a shift is consistent with
the observed deviation presented by CMS at Moriond 2015 QCD (also shown in Fig. 6 of 9).

5 Conclusions

Recent progress in the automation of perturbative calculations within the OpenLoops +Mu-
nich/Sherpa frameworks has opened the door to NLO QCD+EW simulations for a vast range
of Standard Model processes, up to high particle multiplicity, at current and future colliders.
The large impact of NLO EW e↵ects in V+multijet production at high energy demonstrates
the relevance of these new tools for the upcoming Run-II of the LHC.
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zorini is publicly available at http://openloops.hepforge.org.

2. T. Gleisberg et al., JHEP 0902 (2009) 007, [arXiv:0811.4622].
3. Munich—an automated parton level NLO generator by S. Kallweit. In preparation.
4. S. Kallweit et al., [arXiv:1412.5157].
5. F. Cascioli et al., Phys.Rev.Lett. 108 (2012) 111601, [arXiv:1111.5206].
6. A. Denner, S. Dittmaier, and L. Hofer, [arXiv:1407.0087].
7. M. Garzelli et al., JHEP 1001 (2010) 040, [arXiv:0910.3130].
8. A. Denner, Fortsch.Phys. 41 (1993) 307–420, [arXiv:0709.1075].
9. CMS Collaboration [CMS Collaboration], CMS-PAS-SMP-14-005.

[S. Kallweit, J. M. Linderta, S. Pozzorini,  

 M. Schönherr, P. Maierhöfer ’15]  



G. Facini: QCD@LHC BSM & Higgs Aug 26, 201649

Ev
en

ts
 / 

G
eV

2−10

1−10

1

10

210

310

410

510
Data

νν →Z 

ν l→W 

WW/ZZ/WZ

Top Quark

+jetsγ ll, → γZ/

QCD

 = 125 GeV
H

Higgs Invisible, m

 = 1.6 TeVmedAxial-vector, M

 (13 TeV)-112.9 fb

CMS Preliminary

D
at

a 
/ P

re
d.

0.5

1

1.5

 [GeV]miss
TE

200 400 600 800 1000 1200

pr
ed

σ
(D

at
a-

Pr
ed

.)

2−
0
2

Transfer Factors

  10

Z→μμ

1 Control region 
100% uncertainty @ 1 TeV M

C
/d

at
a CMS-EXO-16-010 

Adapted from P. 
Harris @ NPKI

Z->μμ

http://indico.cern.ch/event/441629/contributions/2203343/attachments/1293508/1927638/PCH_NPKI_DM_v2.pdf


G. Facini: QCD@LHC BSM & Higgs Aug 26, 201650

Ev
en

ts
 / 

G
eV

2−10

1−10

1

10

210

310

410

510
Data

νν →Z 

ν l→W 

WW/ZZ/WZ

Top Quark

+jetsγ ll, → γZ/

QCD

 = 125 GeV
H

Higgs Invisible, m

 = 1.6 TeVmedAxial-vector, M

 (13 TeV)-112.9 fb

CMS Preliminary

D
at

a 
/ P

re
d.

0.5

1

1.5

 [GeV]miss
TE

200 400 600 800 1000 1200

pr
ed

σ
(D

at
a-

Pr
ed

.)

2−
0
2

  14

Z→μμ

M
C

/d
at

a

5 Control regions 
15% uncertainty @ 1 TeV 

Z→ee

W→μνW→eν

γ+jets

Transfer Factors

  11

Z→μμ

M
C

/d
at

a

2 Control regions 
60% uncertainty @ 1 TeV 

Z→ee

CMS-EXO-16-010 
Adapted from P. 
Harris @ NPKI

Z->eeZ->μμ

http://indico.cern.ch/event/441629/contributions/2203343/attachments/1293508/1927638/PCH_NPKI_DM_v2.pdf


G. Facini: QCD@LHC BSM & Higgs Aug 26, 201651

Ev
en

ts
 / 

G
eV

2−10

1−10

1

10

210

310

410

510
Data

νν →Z 

ν l→W 

WW/ZZ/WZ

Top Quark

+jetsγ ll, → γZ/

QCD

 = 125 GeV
H

Higgs Invisible, m

 = 1.6 TeVmedAxial-vector, M

 (13 TeV)-112.9 fb

CMS Preliminary

D
at

a 
/ P

re
d.

0.5

1

1.5

 [GeV]miss
TE

200 400 600 800 1000 1200

pr
ed

σ
(D

at
a-

Pr
ed

.)

2−
0
2

  14

Z→μμ

M
C

/d
at

a

5 Control regions 
15% uncertainty @ 1 TeV 

Z→ee

W→μνW→eν

γ+jets

Transfer Factors

  12

Z→μμ

M
C

/d
at

a

3 Control regions 
40% uncertainty @ 1 TeV 

Z→ee

W→μν

CMS-EXO-16-010 
Adapted from P. 
Harris @ NPKI

W->μν

Z->eeZ->μμ

http://indico.cern.ch/event/441629/contributions/2203343/attachments/1293508/1927638/PCH_NPKI_DM_v2.pdf


G. Facini: QCD@LHC BSM & Higgs Aug 26, 2016

  13

Z→μμ

M
C

/d
at

a

4 Control regions 
30% uncertainty @ 1 TeV 

Z→ee

W→μνW→eν

52

Ev
en

ts
 / 

G
eV

2−10

1−10

1

10

210

310

410

510
Data

νν →Z 

ν l→W 

WW/ZZ/WZ

Top Quark

+jetsγ ll, → γZ/

QCD

 = 125 GeV
H

Higgs Invisible, m

 = 1.6 TeVmedAxial-vector, M

 (13 TeV)-112.9 fb

CMS Preliminary

D
at

a 
/ P

re
d.

0.5

1

1.5

 [GeV]miss
TE

200 400 600 800 1000 1200

pr
ed

σ
(D

at
a-

Pr
ed

.)

2−
0
2

Transfer Factors

CMS-EXO-16-010 
Adapted from P. 
Harris @ NPKI

W->eνW->μν

Z->eeZ->μμ

http://indico.cern.ch/event/441629/contributions/2203343/attachments/1293508/1927638/PCH_NPKI_DM_v2.pdf


G. Facini: QCD@LHC BSM & Higgs Aug 26, 201653

Ev
en

ts
 / 

G
eV

2−10

1−10

1

10

210

310

410

510
Data

νν →Z 

ν l→W 

WW/ZZ/WZ

Top Quark

+jetsγ ll, → γZ/

QCD

 = 125 GeV
H

Higgs Invisible, m

 = 1.6 TeVmedAxial-vector, M

 (13 TeV)-112.9 fb

CMS Preliminary

D
at

a 
/ P

re
d.

0.5

1

1.5

 [GeV]miss
TE

200 400 600 800 1000 1200

pr
ed

σ
(D

at
a-

Pr
ed

.)

2−
0
2

  14

Z→μμ

M
C

/d
at

a

5 Control regions 
15% uncertainty @ 1 TeV 

Z→ee

W→μνW→eν

γ+jets

Transfer Factors

CMS-EXO-16-010 
Adapted from P. 
Harris @ NPKI

W->eνW->μν

Z->eeZ->μμ

γ

http://indico.cern.ch/event/441629/contributions/2203343/attachments/1293508/1927638/PCH_NPKI_DM_v2.pdf


G. Facini: QCD@LHC BSM & Higgs Aug 26, 2016

CRs & Transfer Factors
• To maximize the sensitivity CMS uses data to constrain 

•  scale systematics for Z & gamma+jets 

• EWK corrections (in a given MET bin)

54
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CRs & Transfer Factors
• To maximize the sensitivity CMS uses data to constrain 

•  scale systematics for Z & gamma+jets 

• EWK corrections (in a given MET bin)
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More simplistic approach taken by ATLAS
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Progress!

• Looking forward to the direct  
 impact on these analyses

56

See: K Mueller, V. A. M. Radescu, L. 
Harland-Lang, E. Rizv, S. Prestel,  
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• Fix gq=0.25 and gDM=1 

• Reinterpret dijet 
searches with resolved 
and boosted jets 

• Cover the off-shell 
region
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Simplified Dark Matter Model
• For this coupling, model is alive only at high Mmed

Signal model

Z’ Dark Matter (DM) mediator
Link to paper

MadGraph “dmA” model created by the Dark Matter Forum
Two new particles

Z’ mediator of mass MR
DM candidate � of mass m�

Two new couplings
coupling gSM of Z’ to quarks
coupling gDM of Z’ to �

Same model used by all ATLAS dijet & monojet searches

Lydia Beresford The ISR + Dijet Analysis July 7, 2016 4 / 28

substructure analysis here!
57
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Bump Hunt -> Non Res

58

An example of the transition from a bump hunt to a less/non-
resonant search in the same kinematic regime

ATLAS-CONF-2016-069ATLAS Summary Plot
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• Three cases where precise knowledge of QCD will be 
the critical in the long run (my guess) 

• 1. Substructure: How far can the data driven 
corrections go? 

• 2. MET searches: PDFs and transfer factors 

• 3: H(bb)

QCD is the Key

59
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H(bb)

60

• We have yet to observe H(bb): BR=58% 

• Three ways to go: VH(bb), ttH(bb), VBF 

• concentrating here on the more sensitive 2 

• Both extremely hard analyses as they sit on 
top of tremendous & difficult SM backgrounds 

• backgrounds: 

• ttH: tt+X  

• VH: every SM process

ATLAS-CONF-2015-044 
CMS-PAS-HIG-15-002 
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ttH(bb)
• To get to  

• must fight with 

61

Extensively discussed in this conference! 
Progress on measurement and theory side - great news! 

[see S. Pozzorini, K. Lie, GK Krintiras, N. Castro]
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ttH(bb)
• Already systematically limited

62
CMS PAS HIG-16-004

See J. Thomas-Wilsker Talk

ATLAS-CONF-2016-080
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• ATLAS & CMS disagreements do not agree!

tt+jets

63

Stefan Guindon      ttH / tH Subgroup MeetingMay 31, 2016

ATLAS and CMS: tt Modelling

3

l Jet pT CMS (ATLAS) 30 GeV (25 GeV) 

l ATLAS and CMS have opposite 
trends in data/MC                                   

CMS TOP-16-011
ATLAS-CONF-2015-065l MC generator comparisons with 2015 data in dilepton channel (ATLAS and CMS)

Generators 

CMS
l Powheg+Pythia8 with CUETP8M1 tune (default tt generator for Moriond EW)
l MG5_aMC@NLO+Pythia8 with FxFx matching (up to 2 extra partons at NLO) 
l Powheg+Herwig++ with EE5C tune

ATLAS

l Powheg+Pythia6 with P2012 tune (default tt generator for Moriond EW)
l MG5_aMC@NLO+Herwig++ with UE-EE-5  
l Powheg+Herwig++ with UE-EE-5  
l Powheg+Pythia8 with A14 tunes (Main31, pThard = 0 and hdamp = mtop)

l 85 % WP 

l 70 % WP 

ATLAS-CONF-2015-065CMS-PAS-TOP-16-011
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• Three channels, using leptonic decay of W,Z 

• Sensitivity maximal at high VpT  

• does not reach out to where  
substructure is profitable  
(used in searches) 

• Dominant channel is 0-lepton  
(1-lepton did not profit from  
increase √s)

VH(bb)

64

[see N. Chernyavskaya talk]

ATLAS-CONF-2016-091
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• Three channels, using leptonic decay of W,Z 

• Sensitivity maximal at high VpT  

• does not reach out to where  
substructure is profitable  
(used in searches) 

• Dominant channel is 0-lepton  
(1-lepton did not profit from  
increase √s)

VH(bb)

65

[see N. Chernyavskaya talk]

ATLAS-CONF-2016-091

validated
w/ VZ
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VH(bb)

66

• Z+Heavy Flavor is the dominant background in the most 
sensitive region 

• ttbar (2jet) and W+Heavy Flavor also very important

ATLAS-CONF-2016-091
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• A basic survey of what is out there.

Z+Heavy Flavor

67
[see S. Uccirati talk][see J. Bossio, F. Zhang talk]

ATLAS-CONF-2016-046

Les Houches 2015  
SM Group Report 
arXiv:1605.04692
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Figure 3 – Distributions in the transverse momenta of the Z boson (left) and of the photon (center) for Z + 1j
and � + 1j production at

p
s = 8 TeV. Curves and bands as in Fig. 1. In the right plot the ratio of the p

T

of the
Z and the photon together with the relative corrections in the ratio with respect to the LO ratio are shown using
the same color coding as before.

�+1j production are shown respectively. We require for the associated jet p
T,j > 110 GeV and

|⌘j | < 2.4 and veto a possible second jet with p
T,j > 30 GeV and ��j

1

j
2

> 2.5. These cuts
are in agreement with a setup employed by CMS in an upcoming monojet search. The NLO
QCD corrections to both processes are almost identical at large transverse momentum of the
produced gauge bosons p

T,V , while they di↵er slightly at small p
T,V due to the finite mass of

the produced Z. NLO QCD scale uncertainties are at the level of 10%. On the contrary, the
EW corrections to Z+1j production are enhanced compared to �+1j production and at 1 TeV
they reach �20% and �8% respectively. In the right plot of Fig. 3 we show the ratio in p

T,V of
Z + 1j over � + 1j production. This observable is fairly stable in the considered p

T

range and
QCD corrections are below 10%. However, EW corrections result in an almost constant shift of
about 10% comparing the p

T

-ratio at LO and NLO QCD+ EW. Such a shift is consistent with
the observed deviation presented by CMS at Moriond 2015 QCD (also shown in Fig. 6 of 9).

5 Conclusions

Recent progress in the automation of perturbative calculations within the OpenLoops +Mu-
nich/Sherpa frameworks has opened the door to NLO QCD+EW simulations for a vast range
of Standard Model processes, up to high particle multiplicity, at current and future colliders.
The large impact of NLO EW e↵ects in V+multijet production at high energy demonstrates
the relevance of these new tools for the upcoming Run-II of the LHC.
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Z+Heavy Flavor
Z+HF Jets

68

Systematics from MC 
comparisons/variations, 

data/MC in control regions 
EW corrections?

ATLAS-CONF-2016-091



G. Facini: QCD@LHC BSM & Higgs Aug 26, 201669

Phase Space

Multivariate analysis (BDT) 
Are we modeling properly 
all regions isolated by this 

MVA technique? 

What can the theory 
community say about this?

ATLAS-CONF-2016-091



G. Facini: QCD@LHC BSM & Higgs Aug 26, 201670

In the long run

What will be the legacy* papers of the LHC?

*including in between runs
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MZ0 [GeV]

500

1000

1500

2000

M
D

M
[G

eV
]

(a) gq = 0.25 and gDM = 1 (b) gq = 0.5 and gDM = 1

(c) gq = 0.375 and gDM = 1 (d) gq = 0.375 and gDM = 0.25

Figure 6: Heatmaps displaying 2D parameter space scans in fixed mass planes corresponding to a fixed
gdm = 1 and variable gq, with figure 6a representing gq = 0.25 and figure 6b representing gq = 0.5.
The confidence level of exclusion represented corresponds to testing the full signal strength hypothesis
against the null background only hypothesis, calculated as outlined in section 4.3. The combination
of measurements entering into the confidence level presented here is the maximally sensitive allowed
grouping as outlined in section 4.2, considering all available measurements as listed in section 3. (a)
Challenging scenario, (b) Optimistic (c) Intermediate (d) DM suppressed.

20
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Conclusions
• Run 2 is here and we are burning through the data 

• QCD based searches are an important part of searches 

• As Run 2 progress the bulk of the phase space for many searches 
will be systematically limited

• there will always be stat limited tails and new low rate SM 
processes coming into reach 

• Do we have the patience to put in the hard work needed to beat 
down those systematic errors? 

• of course! Already under way 

• The bedrock of this program is precision measurements!

• But how far do we have to go? As far as we can … 

71
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Besides Bumps
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DM @ ATLAS
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An alternate version of the figure, with all dijet results combined to form a single exclusion. 

For information on the 
procedure to obtain this plot, 

see https://cds.cern.ch/
record/2137219/files/ATL-
COM-PHYS-2016-219.pdf 
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Complementarity
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Substructure in 1 slide

76

• trimming: recluster jet constituents with kt R=Rsub, drop if 
pTsub/pT<fcut 

• pruning: recluster with C/A, killing wide angle with ΔR12 
>Rcut x 2M/pT and soft with f2<Zcut 

• mass drop: de-cluster until significant mass drop mj1<umj 
and not too asymmetric  

• soft drop: remove soft wide-angle radiation  

• n-subjetiness: how likely composed of n-subjets 

• D2: A variation on the ratio of energy correlations which 
optimizes the separation between one-prong and two-
prong decays, in analytical terms
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Substructure 
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Figure 1. The distribution of ρ = m2/(p2tR
2) for tagged jets, with three taggers/groomers: trim-

ming, pruning and the mass-drop tagger (MDT). The results have been obtained from Monte Carlo
simulation with Pythia 6.425 [17] in the DW tune [38] (virtuality-ordered shower), with a minimum
pt cut in the generation of 3TeV, for 14TeV pp collisions, at parton level, including initial and
final-state showering, but without the underlying event (multiple interactions). The left-hand plot
shows qq → qq scattering, the right-hand plot gg → gg scattering. In all cases, the taggers have
been applied to the two leading Cambridge/Aachen [39, 40] jets (R = 1.0). The parameters chosen
for mass-drop (ycut = 0.09, µ = 0.67), pruning (zcut = 0.1, Rfact = 0.5) and trimming (zcut = 0.05,
Rsub = 0.3) all correspond to widely-used choices.

observation is that all three methods are identical to the plain jet mass for ρ ! 0.1. At that

point, pruning and MDT have a kink, and in the quark-jet case exhibit a flat distribution

below the kink. Trimming has a kink at a lower mass value, and also then becomes flat.

For gluon jets, the kinks appear in the same location, but below the kink there is no flat

region. Pruning and trimming then each have an additional transition point, at somewhat

smaller ρ values, below which they develop peaks that are reminiscent (but at lower ρ) of

that of the plain jet mass. Knowing about such features can be crucial, for example in data-

driven background estimates, where there is often an implicit assumption of smoothness of

background shapes. In this context one observes that for the upper-range of pt’s that the

LHC will eventually cover, pt ! 3TeV, the lower transition points of pruning and trimming

occur precisely in the region of electroweak-scale masses.1

To our knowledge the similarities and differences observed in Fig. 1 have not been sys-

tematically commented on before, let alone understood. Questions that one can ask include:

why do the taggers/groomers have these characteristic shapes for the mass distributions?

1At this point, a question arises of whether the LHC experiments are able to accurately measure EW-

scale masses for TeV-scale jets. Challenges can arise, for example in terms of the angular resolution of the

hadronic calorimeter, which may be relevant with current experimental reconstruction methods. Work in

Ref. [41], however, suggests that with full use of information from tracking and electromagnetic calorimetry,

which have higher angular resolution, good mass resolution for multi-TeV scale jets may well be possible.

– 3 –

[Dasgupta, Fregoso, Marzani, Salam ’13]
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ATLAS Substructure 
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CMS Substructure 


