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Particle physics circa 2017
•With the discovery of the Higgs, for 

the first time we have a ``complete’’ 
theory of fundamental interactions

•The world beyond colliders: strong 
strong indications of BSM (dark 
matter/energy, baryon asymmetry…)

•At least some of these new physics 
phenomena have a simple particle 
explanation

•The new information: mH = 125 GeV. 
NATURALNESS: a light Higgs comes with 
new extra light d.o.f. (see tomorrow's 
discussion). NP behind the corner? (also 
the WIPM miracle…)



Not quite…
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Selected CMS SUSY Results* - SMS Interpretation Moriond '17 - ICHEP '16

 = 13TeVs
CMS Preliminary

-1L = 12.9 fb -1L = 35.9 fb

LSP m⋅+(1-x)Mother m⋅ = xIntermediatem
For decays with intermediate mass,

0 GeV unless stated otherwise  ≈ 
LSP

 Only a selection of available mass limits. Probe *up to* the quoted mass limit for  m
*Observed limits at 95% C.L. - theory uncertainties not included

SUSY exclusion limits 
as of May 2017

m ~ 2 TeV

+ many other negative results. 
Many `vanilla’ models excluded

For many `standard’ searches, the LHC is already reaching its 
asymptotic potential (energy reach)



NP and where to find it
BUMP HUNTING: little to no theoretical 

input needed. So far: Higgs

Shape distortions from 
high-scale NP

 R. Harlander, Higgs Summary (TH), Les Houches 2017

Englert, McCullough, Spannowsky ‘14
Wide resonances

5

FIG. 3: The unnormalised mtt̄ distribution computed in NNLO QCD (blue band) versus NNLO QCD plus the � ! tt̄
contribution (“Signal”). Also shown are contributions from fake BSM signals derived from the nominal one, “Signal”, by
simply dividing its contribution to each bin with the indicated factor. Three di↵erent bin sizes are used: 5GeV (left), 20GeV
(centre) and 50GeV (right).

smoothness requirement (which only helps identify bin-to-bin MC fluctuations). We estimate the MC error of the
normalisation factors directly form our calculation and find it to be below 0.2%. Such error is insignificant and we
will neglect it in the following.

In all plots in figs. 3,4 the blue bands represent the combined scale plus pdf error. Owing to the much reduced
error of the normalised distributions the significance of the deviation of the signal plus background with respect to
pure background is much larger. It allows to e↵ectively distinguish not only the specific � model considered here but
also models that predict significantly smaller value for the total rate �(pp ! � ! tt̄).
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FIG. 4: As in fig. 3 but for the normalised mtt̄ distributions �(N200) (top row) and �(N100) (bottom row).

The significance of the deviation of signal plus background with respect to pure SM background depends on the
type of normalisation, the chosen bin size and the position of the bins. The bin position is especially relevant for
BSM contributions with a peak-dip structure: after repositioning, a bin of fixed size can show positive, negative or
no deviation from the SM background. Since the minimum size of the mt¯t bins is expected to be around 50GeV,
i.e. larger than the expected � width, the only way to unambiguously resolve such complicated structure is by using
sliding bins. To that end in fig. 5 we show the significance:

significance =
(SM+ BSM)

central

� (pure SM)
central

(pure SM)
error

, (5)

Tricky signatures

t̃ ! t+ LSP
mt̃ ⇡ mt � mLSP

``Stealth scenarios’’

REQUIRE VERY GOOD CONTROL ON SM 
PREDICTIONS FOR SIGNALS / BACKGROUNDS

+…



… ``good control’’: a (rough) estimate

SM ~ v.e.v.

ΛNP

direct  
bounds 
~ TeV

Imagine to have new physics at a 
(heavish) scale ΛNP

Typical modification to observable 
w.r.t. standard model prediction: 

δO ~ Q2/ΛNP 2 

To gain over direct bounds:

IN THE BULK: 
Q~MH → few percent

IN THE TAIL:
Q≳ 500 GEV → 

~10-20%



… ``good control’’: a (rough) estimate

SM ~ (v.e.v.)2

ΛNP

direct  
bounds 
~ TeV

Imagine to have new physics at a 
(heavish) scale ΛNP

Typical modification to observable 
w.r.t. standard model prediction: 

δO ~ Q2/ΛNP 2 

To gain over direct bounds:

IN THE BULK: 
Q~MH → few percent

IN THE TAIL:
Q≳ 500 GEV → 

~10-20%

THIS LEVEL OF PRECISION: 
WITHIN EXPERIMENTAL REACH OF 

THE (HL-)LHC

Theoretically, highly non trivial…



The path to precision: theory

•Precision physics in hadronic environment challenging

•The goal: accurate and reliable predictions for clean high 
momentum transfer processes

•As close as possible to actual experimental setup (fiducial cuts, 
unnecessary extrapolations kept to a minimum)…



This is for real: the (in)famous WW story

 σATLAS,8 = 71.4+1.2−1.2 (stat)+5.0−4.4 (syst)+2.2
−2.1 (lumi) pb

σCMS,8 = 69.9 ± 2.8 (stat) ± 5.6 (syst) ± 3.1 (lumi) pb

 σNLO = 56.5+1.5-1.1 pb

(Early) Experimental result, 
extrapolated to the total cross-section

The theoretical prediction

New physics? Electrow gauginos 
hiding in plain sight? ? ? ?
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Unfortunately, much more mundane explanation
•Analysis requires quite harsh cut on extra hadronic 

activity to limit the top background
•Notoriously difficult to describe theoretically
•In the fiducial → total cross section extrapolation, this 

effect was theoretical mis-modeled by not accurate enough 
tools

The same data/theory comparison performed in 
the region of the actual experimental analysis

2

8 TeV fiducial region

pt > 25(20) GeV for the leading (subleading) lepton and charged leptons separated by ∆R > 0.1

muon pseudorapidity |y| < 2.4 and electron pseudorapidity |y| < 1.37 or 1.52 < |y| < 2.47

no jets (anti-kt [10], R = 0.4) with pt > 25 GeV and |y| < 4.5, separated from the electron by ∆R > 0.3

mll′ > 15, 15, 10 GeV and |mll′ −mZ | > 15, 15, 0 GeV for ee, µµ, and eµ, respectively

pν+ν̄
t,Rel > 45, 45, 15 GeV and pν+ν̄

t > 45, 45, 20 GeV for ee, µµ, and eµ, respectively

Table 1 Fiducial volume, as defined by the ATLAS collaboration, at 8 TeV. For a detailed definition of all variables see [2].

work in the Gµ scheme with the electroweak parametersMZ = 91.1876GeV, ΓZ = 2.4952GeV,MW = 80.398GeV,
ΓW = 2.1054GeV, and GF = 1.16639× 10−5 GeV−2. The branching ratio of W into leptons is taken from the
Particle Data Book [13], namely Br(W → lν) = 0.108.1 We use the MSTW2008nlo parton densities [14] and
central renormalization and factorization scales µR = µF = M4l, where M4l is the invariant mass of the leptonic
system. The scale uncertainty is obtained by varying both scales by a factor of two in either direction and keeping
µR = µF . With this setup we get a total inclusive W+W− cross section of 53.6+1.4

−1.0 pb (56.5+1.5
−1.1 pb) excluding

(including) Higgs mediation. For consistency, the quoted Higgs mediated cross section has also been computed
with MCFM. On the other hand, ATLAS finds 71.4+1.2

−1.2(stat.)
+5.0
−4.4(syst.)

+2.2
−2.1(lumi.) pb.

The measured fiducial cross sections at 8 TeV are reported in the first column of Table 2, together with the
total NLO predictions in the fourth column. The latter is given by the sum of the cross-section without Higgs
mediation and the Higgs mediated contribution, as reported in the second and third column, respectively. The
quoted theory uncertainty does not account either for the PDF error, that was found to be at 5% level [2], or for
any interference effect.

ATLAS @ 8 TeV pp → l+l−νν̄ pp → H → l+l−νν̄ total

e+µ− + e−µ+ 377.8+6.9
−6.8(stat.)

+25.1
−22.2(syst.)

+11.4
−10.7(lumi.) 332.4+4.7

−2.3 9.8+0.0
−1.2 342.2+4.7

−2.6

e+e− 68.5+4.2
−4.1(stat.)

+7.7
−6.6(syst.)

+2.1
−2.0(lumi.) 63.7+0.8

−0.4 2.2+0.0
−0.2 65.9+0.8

−0.4

µ+µ− 74.4+3.3
−3.2(stat.)

+7.0
−6.0(syst.)

+2.3
−2.1(lumi.) 69.3+0.9

−0.4 2.4+0.0
−0.2 71.7+0.9

−0.5

Table 2 ATLAS fiducial cross-sections in fb at 8 TeV (1st column) and two processes that contribute to W+W− production (2nd
and 3rd column). The last column contains the sum of the previous two contributions. The theory predictions are obtained with
MCFM with central renormalisation and factorisation scales set to the leptonic system invariant mass, and using the MSTW2008nlo
PDF set. The (formally NNLO) gg → W+W− channel is included. Following ref. [2], all quoted numbers do not include electrons
or muons coming from τ decays.

The quoted theoretical uncertainties obtained by varying renormalisation and factorisation scales are tiny, at
the level of just about 1-1.5%. However, the definition of the fiducial volume involves a veto on jets with a large
transverse momentum (see Table 1). It is well-known that, in the presence of a jet-veto, fixed-order calculations
typically underestimate the true theoretical uncertainty, and a more sophisticated procedure should be used in
order to assess the uncertainty [15, 16]. Since at the moment the by far dominant uncertainty is the systematic
one, and since several theoretical improvements are now possible on the theory numbers quoted above (inclusion
of NNLL resummation effects [7] matched to exact NNLO predictions [17]), we do not try to quantify the theory
error in a more precise way. Yet, we observe that there is no sizable tension between NLO theory and experiment
within the large systematic uncertainties. The level of agreement depends on the leptonic channel considered, and
it is always at the one σ level, or better.

In the following section we rather study how much the Monte Carlo prediction differs from the pure NLO one
for the fiducial cross section. The ATLAS analysis at 8 TeV use the POWHEG, so we consider this generator in the
following section.

3 Resummation and Parton Shower effects

In the present section we investigate the effect of parton shower and hadronisation on the fiducial cross section using
the POWHEG BOX [18–20] (using its default settings), where the NLO prediction for W+W− production is matched
to a parton shower [21, 22]. Events are showered with Pythia 6.4.28 [23], Perugia tune 350 [24] (unless otherwise
stated), and hadronisation and underlying event effects are included. To estimate the impact of parton shower and

1We stress that the experimental errors in the electroweak parameters are an important source of theory uncertainty. The sole
variation of the W -boson width ΓW within its error, as quoted by the PDG ΓW = 2.085± 0.042 leads to a ∼ 8.5% variation in the
total cross section, since it scales as σWW ∼ 1/(ΓWMW)2. However, the Standard Model calculation of the W width has a much
smaller uncertainty.
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total cross section, since it scales as σWW ∼ 1/(ΓWMW)2. However, the Standard Model calculation of the W width has a much
smaller uncertainty.

2

8 TeV fiducial region

pt > 25(20) GeV for the leading (subleading) lepton and charged leptons separated by ∆R > 0.1

muon pseudorapidity |y| < 2.4 and electron pseudorapidity |y| < 1.37 or 1.52 < |y| < 2.47

no jets (anti-kt [10], R = 0.4) with pt > 25 GeV and |y| < 4.5, separated from the electron by ∆R > 0.3

mll′ > 15, 15, 10 GeV and |mll′ −mZ | > 15, 15, 0 GeV for ee, µµ, and eµ, respectively

pν+ν̄
t,Rel > 45, 45, 15 GeV and pν+ν̄

t > 45, 45, 20 GeV for ee, µµ, and eµ, respectively

Table 1 Fiducial volume, as defined by the ATLAS collaboration, at 8 TeV. For a detailed definition of all variables see [2].

work in the Gµ scheme with the electroweak parametersMZ = 91.1876GeV, ΓZ = 2.4952GeV,MW = 80.398GeV,
ΓW = 2.1054GeV, and GF = 1.16639× 10−5 GeV−2. The branching ratio of W into leptons is taken from the
Particle Data Book [13], namely Br(W → lν) = 0.108.1 We use the MSTW2008nlo parton densities [14] and
central renormalization and factorization scales µR = µF = M4l, where M4l is the invariant mass of the leptonic
system. The scale uncertainty is obtained by varying both scales by a factor of two in either direction and keeping
µR = µF . With this setup we get a total inclusive W+W− cross section of 53.6+1.4

−1.0 pb (56.5+1.5
−1.1 pb) excluding

(including) Higgs mediation. For consistency, the quoted Higgs mediated cross section has also been computed
with MCFM. On the other hand, ATLAS finds 71.4+1.2

−1.2(stat.)
+5.0
−4.4(syst.)

+2.2
−2.1(lumi.) pb.

The measured fiducial cross sections at 8 TeV are reported in the first column of Table 2, together with the
total NLO predictions in the fourth column. The latter is given by the sum of the cross-section without Higgs
mediation and the Higgs mediated contribution, as reported in the second and third column, respectively. The
quoted theory uncertainty does not account either for the PDF error, that was found to be at 5% level [2], or for
any interference effect.

ATLAS @ 8 TeV pp → l+l−νν̄ pp → H → l+l−νν̄ total

e+µ− + e−µ+ 377.8+6.9
−6.8(stat.)

+25.1
−22.2(syst.)

+11.4
−10.7(lumi.) 332.4+4.7

−2.3 9.8+0.0
−1.2 342.2+4.7

−2.6

e+e− 68.5+4.2
−4.1(stat.)

+7.7
−6.6(syst.)

+2.1
−2.0(lumi.) 63.7+0.8

−0.4 2.2+0.0
−0.2 65.9+0.8

−0.4

µ+µ− 74.4+3.3
−3.2(stat.)

+7.0
−6.0(syst.)

+2.3
−2.1(lumi.) 69.3+0.9

−0.4 2.4+0.0
−0.2 71.7+0.9

−0.5

Table 2 ATLAS fiducial cross-sections in fb at 8 TeV (1st column) and two processes that contribute to W+W− production (2nd
and 3rd column). The last column contains the sum of the previous two contributions. The theory predictions are obtained with
MCFM with central renormalisation and factorisation scales set to the leptonic system invariant mass, and using the MSTW2008nlo
PDF set. The (formally NNLO) gg → W+W− channel is included. Following ref. [2], all quoted numbers do not include electrons
or muons coming from τ decays.

The quoted theoretical uncertainties obtained by varying renormalisation and factorisation scales are tiny, at
the level of just about 1-1.5%. However, the definition of the fiducial volume involves a veto on jets with a large
transverse momentum (see Table 1). It is well-known that, in the presence of a jet-veto, fixed-order calculations
typically underestimate the true theoretical uncertainty, and a more sophisticated procedure should be used in
order to assess the uncertainty [15, 16]. Since at the moment the by far dominant uncertainty is the systematic
one, and since several theoretical improvements are now possible on the theory numbers quoted above (inclusion
of NNLL resummation effects [7] matched to exact NNLO predictions [17]), we do not try to quantify the theory
error in a more precise way. Yet, we observe that there is no sizable tension between NLO theory and experiment
within the large systematic uncertainties. The level of agreement depends on the leptonic channel considered, and
it is always at the one σ level, or better.

In the following section we rather study how much the Monte Carlo prediction differs from the pure NLO one
for the fiducial cross section. The ATLAS analysis at 8 TeV use the POWHEG, so we consider this generator in the
following section.

3 Resummation and Parton Shower effects

In the present section we investigate the effect of parton shower and hadronisation on the fiducial cross section using
the POWHEG BOX [18–20] (using its default settings), where the NLO prediction for W+W− production is matched
to a parton shower [21, 22]. Events are showered with Pythia 6.4.28 [23], Perugia tune 350 [24] (unless otherwise
stated), and hadronisation and underlying event effects are included. To estimate the impact of parton shower and

1We stress that the experimental errors in the electroweak parameters are an important source of theory uncertainty. The sole
variation of the W -boson width ΓW within its error, as quoted by the PDG ΓW = 2.085± 0.042 leads to a ∼ 8.5% variation in the
total cross section, since it scales as σWW ∼ 1/(ΓWMW)2. However, the Standard Model calculation of the W width has a much
smaller uncertainty.

ATLAS Theory

 (NLO)
[Monni, Zanderighi (2013)]



QCD at the LHC: factorization

d� =

Z
dx1dx2f(x1)f(x2)d�part(x1, x2)FJ(1 +O(⇤QCD/Q))

The ``interesting’’ short 
distance cross-section

Extracting partons 
from protons: Parton 
Distribution Functions

The experimental 
world: hadrons / jets 
in the detector

Different physics at different 
scales, can be TREATED SEPARATELY. 
Picture valid up to few percent
(already a limiting factor for mt,W)



The precision on input parameters: αS

PDG World Average: αs(MZ) = 0.1181 ± 0.0011 (0.9%)

36 1. Quantum chromodynamics
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Figure 1.2: Summary of determinations of αs(M2
Z) from the six sub-fields

discussed in the text. The yellow (light shaded) bands and dashed lines indicate the
pre-average values of each sub-field. The dotted line and grey (dark shaded) band
represent the final world average value of αs(M2

Z).

using the transverse energy-energy correlation function (TEEC) and its associated
azimuthal asymmetry (ATEEC), respectively [247]. All these results are at NLO only,
however they provide valuable new values of αs at energy scales now extending up to

May 5, 2016 21:57

Bethke, Dissertori & GPS in PDG ‘16

16

↵s(mZ) = 0.118± 1%

•Many different determinations, (more or 
less) consistent

•Lattice: the best hope for improvement?
•A lot of recent developments to properly 

connect the non-perturbative to the 
perturbative regime (finite size scaling…)

M��������� L������ QCD F����� ���� ������� H��� �������� L�� �������� M������� ���� QCD C����������

T�� �������: F����� ���� ������� [L�̈�����, W����, W���� ’��]

r

q q

L

r

q q

L

r

q q

L

I Coupling ↵(µ) depends on no other scale but L (Notation: ↵(L),↵(1/L)).
I Small L =) small ↵(L)
I a ⌧ 1/µ easily achieved: L/a ⇠ 10 � 40
I Step scaling function: How much changes the coupling when we change the

renormalization scale:
�(u) = g2(µ/2)

�

�

�

g2(µ)=u

achieved by simple changing L/a ! 2L/a!
I 1/L is a IR cuto� ) simulate directly mq = 0
I We need dedicated simulations of the femto-universe

Finite volume renormalization schemes: fix µL = constant

13/52

[Lüscher et al (1991), ALPHA (2017)]

0.5% precision may be possible?



Input parameters: PDFs in the LHC era
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Experimental data

14

The global QCD analysis requires combining different experiments with disparate characteristics!
Type of high energy collision (lepton-proton, proton-proton), center-of-mass energy of collision!
Whether of not experimental correlated systematics are available, and if so, in which format!
Mutually inconsistent datasets and datasets with few points but large constraining power vs 
datasets with many points but moderate constraining power

Juan Rojo                                                                                                          NuTune2016, Liverpool, 12/06/2016

The kinematical coverage of 
the experiments included in 
NNPDF3.0 span several 
orders of magnitude both in 
x and Q2!

•Parton content of the proton 
non pert → fitted to data

•Data at different scales related 
by first-principle computable 
AP evolution → universality

•Results consistent over many 
orders of magnitude → great 
test of pQCD

•A lot of precise data from the 
LHC are already now having 
great impact (tt, jj, Z/W…)

•We may soon discard `old’ 
low-Q data with limited 
theoretical control (nuclear 
corrections…)

•SOLID, ROBUST AND `CLEAN’ 
DETERMINATIONS

LHC (+TEV)

HERA

FT



PDFs: the overall precision
[N

N
PD

F31, Jun. 2017]

Figure 5.9: The relative uncertainty on the luminosities of Fig. 5.8, plotted as a function of the invariant
mass MX and the rapidity y of the final state; the left plots show results for NNPDF3.0 and the right
plots for NNPDF3.1 (upper four rows). The bottom row shows results for the up-antidown luminosity.
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•Big improvement w.r.t. few years ago
•FOR CENTRAL EW PRODUCTION: PERCENT PRECISION

• Although be careful to take these uncertainties at face value

GG QG

QQ QQb



PDFs: sanity checks
or how do we make sure we are not fitting new physics away…

34

Impact on the gluon
!

 In NNPDF3.1 we have three groups of processes that provide direct information on the gluon: 
inclusive jets, top pair differential, and the Z transverse momentum!

 Are the constraints from each of these groups consistent among them? Yes!
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Juan Rojo                                                                                                                   PDF4LHC WG Meeting, 07/03/2017

[J. Rojo, (2017)] 

•Fits are stable under 
inclusion/exclusion of extra 
data-set

•Effect of new data: mostly 
reduction in uncertainty, 
small change in the central 
value

•With more and more data, can also try to fit ``safest’’ PDF from 
PS regions which should be free from NP contaminations (e.g. 
forward jets…)…



The hard process: precise computations

d� =

Z
dx1dx2f(x1)f(x2)d�part(x1, x2)FJ(1 +O(⇤QCD/Q))

THE ``INTERESTING’’ SHORT 
DISTANCE CROSS-SECTION

•Asymptotic freedom → at 
high scale QCD is perturbative

•Still, for typical EW scales      
αS ~ 0.1

•The path to precision: NLO ~ 
10%, NNLO ~ 1%. Gluonic 
processes (e.g. Higgs): large 
color charges αS CA~ 0.3. Even 
higher orders may be required 
(N3LO…)



The hard process: an ideal world
•In a perfect world (= large luminosities, good S/B control, large 

energy coverages): 
•find simple high-Q observables, where contamination by non-

perturbative effects is minimal
•``cut-and-count’’ like analysis, in the fiducial region → very 

clean data / theory comparison

•Whenever this is possible: very good theoretical control on our 
predictions. If the process is simple enough, we can obtain very 
accurate reliable results via HIGHER ORDER PERTURBATIVE 
COMPUTATIONS → see T. Gehrmann’s talk

•Fixed order (differential) computations:
•very solid framework
•they give direct access to the actual fiducial region (i.e. we can 

put cuts on the final state)



The need for higher orders: Higgs

HIGGS BOSON

▸ Precise measurement 

▸ 3.8 sigma deviation 

▸ 1500 papers about new 
physics on the arXiv 

▸ SM fails

Data Theory
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→
pp
σ
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Preliminary data

 combinedl4→*ZZ→H, γγ→H

 = 125 GeVHm = 13 TeV,  s,  H→pp
Hbb + Htt + VH  =  VBF + XH

QCD scale uncertainty
)sα PDF+⊕(scale, Tot. uncert. 

LO

COMPARE DATA TO PREDICTION

αS2

αS3

αS4

αS5

N3LO results needed to establish 
perturbative convergence / reduce  

residual theoretical uncertainty

�
exp

= 59± 9.5 pb

�N3LO = 55.5± 2.9 pb

[Anastasiou, Melnikov; 
Harlander, Kilgore]

[Anastasiou et al]



The need for higher orders: Higgs

HIGGS BOSON

▸ Precise measurement 

▸ 3.8 sigma deviation 

▸ 1500 papers about new 
physics on the arXiv 

▸ SM fails

Data Theory
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N3LO results needed to establish 
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Similar picture at the differential level: 
O(αs5) [NNLO] needed to match exp. systematics

Figure 6: Distribution of the photon decay angle in the Collins-Soper frame at the 8 TeV LHC.

The inset shows ratios of di↵erential cross sections at di↵erent orders in perturbation theory for

the factorization and the renormalization scales set to the mass of the Higgs boson.

d
�
/d

p ?
,j
1

[f
b
/G

eV
]

p?,j1 [GeV]

LO
NLO

NNLO
ATLAS

0.01

0.1

1

30 60 90 120

Figure 7: Left pane: comparison of exclusive jet cross sections in pp ! H + j ! ��+ j computed

in this paper and measured by the ATLAS collaboration. Right pane: comparison of the leading

jet transverse momentum distribution. The selection criteria are described in the text.

predictions in all p?-bins except one where the experimental error is the largest. It is also

clear that the shapes of theoretical and experimental distributions are di↵erent. It follows

from the plots in Fig. 7 that, currently, the ATLAS data is not precise enough to allow for a

meaningful comparison with available theoretical predictions. This will undoubtedly change

once enough luminosity at the 13 TeV LHC is collected.

B. H ! W+W� ! e+µ�⌫⌫̄

In this subsection, we present the results for the process pp ! H+j ! W+W�+j at the

13 TeV LHC. The selection criteria are described in Section II. In principle, many kinematic

12

13 TeV data are coming in…

[Chen et al (2016)]

[FC, Melnikov, Schulze]



Precision in the tails: EW and all that
DM searches: jets + MET. Need good control on V→νν in the TeV regime

      Jonas M. Lindert

Pure EW uncertainties

14

How to estimate corresponding pure 
EW uncertainties of relative           ?  

[7] TODO (): We should test the degree of correlation of QCD cor-
rections/uncertainties (and resulting cancellation in ratios) by means of
NLO studies. Afterwards, if possible, also through NNLO K-factors.

223

4.2 Pure EW uncertainties of relative O(↵2)224

First of all, note that for each process the corresponding QCD predictions and225

EW corrections should be computed in the same EW input scheme, otherwise226

NLO EW accuracy could be spoiled (here one should be especially careful if227

(N)NLO QCD and NLO EW corrections are computed with different tools).228

As a conservative estimate of missing higher-order EW effects we propose to229

take 10% of the NLO EW correction plus 50% of the 2-loop NLL Sudakov logs,230

i.e.231

d

dx
�
(V )
EW(~"EW, ~"QCD) = (1� 0.1 "EW,1)

d

dx
�
(V )
NLOEW(~"QCD)232

+ (1 + 0.5 "EW,2)
d

dx
�
(V )
NNLOEW(~"QCD), (15)233

with nuisance parameters "EW,i 2 [�1, 1]. The first term (0.1 "EW,1) is supposed234

to describe uncertainties of order ↵ times the NLO EW correction, which are235

not included in the NLL Sudakov approximation. The second term (0.5 "EW,2)236

mimics further uncertainties of the NLL two-loop approximation as well as the237

lack of Sudakov resummation. For instance, in the extreme scenario of an NLO238

EW correction �NLO = �50%, the expected NNLO EW Sudakov correction239

(based on exponentiation) amounts (assuming "EW,1 = "EW,2) to �NNLO =240

��2NLO/2 = 12.5%, and our uncertainty estimate to �0.1�NLO + 0.5�NNLO =241

5% + 6.25% ' 11%, while the unknown N3NLO EW terms are expected to be242

as small as �NNNLO = �3NLO/6 = �NLO�NNLO/3 ' 2%.243

[8] The above prescription is still under discussion: see Sect.8.1

244

Given the universal nature of Sudakov EW corrections and the fact that245

pp ! V j involves only very few independent EW coupling structures, it is nat-246

ural to assume that the known NLO+NNLO EW corrections and the unknown247

higher-order effects depend on the process (V = W±, Z, �) in a very similar248

way. Thus we recommend to vary the nuisance parameters ~"EW in eq. (15) in a249

correlated way across processes.250
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DM searches: jets + MET. Need good control on V→νν in the TeV regime
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Pure EW uncertainties
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How to estimate corresponding pure 
EW uncertainties of relative           ?  
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Figure 10: Observed Emiss
T distribution in the monojet (left) and mono-V (right) signal regions

compared with the post-fit background expectations for various SM processes. The last bin in-
cludes all events with Emiss

T > 1250(750) GeV for the monojet (mono-V) category. The expected
background distributions are evaluated after performing a combined fit to the data in all the
control samples, as well as the signal region. The fit is performed assuming the absence of
any signal. Expected signal distributions from the 125 GeV Higgs boson decaying exclusively
to invisible particles, and a 2 TeV axial-vector mediator decaying to 1 GeV DM particles, are
overlaid. Ratios of data with the pre-fit background prediction (red points) and post-fit back-
ground prediction (blue points) are shown for both the monojet and mono-V signal regions.
The gray bands in these ratio plots indicate the post-fit uncertainty in the background pre-
diction. Finally, the distribution of the pulls, defined as the difference between data and the
post-fit background prediction relative to the quadrature sum of the post-fit uncertainty in the
prediction, and statistical uncertainty in the data are also shown in the lower panel.

sensitivity is also compared to earlier results from CMS. The exclusion is shown in Fig. 16, and
vary between 10 TeV for n = 2 to 5.5 TeV for n = 6. In addition, upper limit on the signal
strength µ = s/sth is presented for the ADD graviton production for n = 2 extra dimensions
as a function of MD.

5.4 Fermion portal dark matter interpretation

Results of the search are further interpreted in the context of FP DM model. Limits are obtained
as a function of the mediator mass mfu and the DM mass mc. Figure 17 shows the exclusion
contours in the mfu �mc plane for the coupling choice of lu = 1 for a scalar mediator. Mediator
masses up to 1.4 TeV, and DM masses up to 600 GeV are excluded.

5.5 Nonthermal dark matter interpretation

Results of the search are also interpreted in the context of nonthermal DM model. Limits are
obtained as a function of coupling strength parameters l1 and l2 for benchmark mediator

[CMS PAS EXO-16-048] 
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Unprecedented limits on 
monojet DM production!

Combined uncertainties on V+jets ratios

few - 10% precision for DM searches bckgd achieved 
further investigation: how to combine EW and QCD?
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A (so far) less successful story: the Higgs tail
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•The LHC is starting to 
explore the boosted 
Higgs regime

•Crucial information on 
coupling structure, non 
accessible at low pt

•TH input: ~20% would 
be fine

•Despite a lot of progress, 
[see e.g. Bonciani et al.] still 
only LO predictions 
there. Large pT fully 
resolves the top loop, 
cannot neglect internal 
dynamics

•Similar for off-shell tail



An interlude: loop amplitudes in real life
•Amplitude COMPLEXITY GROWS VERY FAST with the number of 

scales: invariants (~# legs) and particle masses
•Despite a lot of recent progress, still pretty limited knowledge. 

State of the art: 
•Analytically: 2 -> 2, external masses (pp->VV*)  [FC, Henn, Melnikov, 

Smirnov, Smirnov (2014-15); Gehrmann, Manteuffel, Tancredi (2014-15)]

•Numerically: 2->2, internal/external masses (pp-> tt, pp->HH) 
[Czakon; Borowka, Greiner, Heinrich, Jones, Kerner, Schlenk, Schubert, Zirke (2016)]

@

x

~

f = ✏Â

x

(x, y, z, ...)~f

G(an, an�1, ..., a1, t) =

Z t

0

dt

tn � an
G(an�1, ..., a1, tn)

•Important steps towards 2->3 
and structure of massive 
amplitudes [Badger et al., Bonciani et 
al., Papadopoulos et al., Gehrmann et al., 
Melnikov et al…]

•AN INTERESTING OPEN FIELD, 
CURRENTLY (ONE OF THE) 
BOTTLENECKS FOR FURTHER 
PROGRESS



When life is tricky: beyond f.o. computations
•In many important cases, the requirement of ``high-Q clean 

observable’’ cannot be met
•need harsh experimental cut to remove backgrounds (jet 

vetoes…) / collider reach is limited
•harsh (more or less voluntary) restriction on QCD activity 

introduces large logarithmic corrections, that spoil the 
convergence of the perturbative series

•To deal with this issue, one should understand the dynamics of 
many parton emission. The leading contribution in these regions 
come from soft/collinear emission, that has a universal ~ process 
independent structure → see H.X. Zhu’s talk

•Apart from curing the problem above, understanding of multi-
particle dynamics in the soft/collinear limit can help 
understanding the interface of perturbative / non perturbative 
physics



Taming logs: the low-pt Higgs spectrum

RadISH, 13 TeV, mH = 125 GeV
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Figure 4. Comparison among the matched normalised distributions at N3LL+NNLO, NNLL+NNLO, and
NNLO. The uncertainties are obtained as described in the text.

cancellations implicit in the observable’s defintion. In particular, we studied the class of inclusive
observables that do not depend on the rapidity of the QCD radiation. Members of this class are,
among others, the transverse momentum of a heavy colour singlet and the �⇤ observable in Drell-
Yan pair production. We obtained an all-order formula that is valid for all observables belonging
to this class, and we explicitly evaluated it to N3LL up to effects due to the yet unknown four-
loop cusp anomalous dimension. In the case of the transverse momentum of a colour singlet, we
proved that our formulation is equivalent to the more common solution in impact-parameter space
at this accuracy. This equivalence allowed us to extract the ingredients necessary to compute
the Sudakov radiator at N3LL using the recently computed B(3) coefficient [25]. The radiator is
universal for all observables of this class [41], which can therefore be resummed to this accuracy
with our approach. The all-order result was shown to reproduce the correct power-like scaling
in the small-pt limit, where the perturbative component of the coefficient of the intercept can be
systematically improved by including higher-order logarithmic corrections. We implemented our
results in the exclusive generator RadISH, which performs the resummation and the matching to
fixed order, and allows the user to apply arbitrary kinematic cuts on the Born phase space. Although
we explicitly treated the case of Higgs production, the code developed here can automatically handle
any colour-singlet system.

As a phenomenological application, we computed the Higgs transverse-momentum spectrum
at the LHC. In comparison to the NNLL+NLO prediction, we find that N3LL+NLO effects are
moderate in size, and lead to O(10%) corrections near the peak of the distribution and they are
somwhat larger for pt . 10GeV. The scale uncertainty of the matched calculation is reduced by
the inclusion of the N3LL corrections in the small transverse-momentum region. When matched
to NNLO, the effect of the N3LL is pushed towards lower pt values, leading to a few percent
correction to the previously known NNLL+NNLO prediction [37] around the peak, and to more
sizeable effects at smaller pt values. In order to further improve the theoretical control in the
small-medium transverse momentum region, it will be necessary to consider the deviations from
the large-mt approximation. Recently, progress has been made in this respect by computing the
NLO corrections to the top-bottom interference [12]. Higher-order effects due to the leading tower
of logarithms of pt/mb were addressed in ref. [79] and were found to be moderate in size. The
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↵s ln
2 pt,H
MH

⇠ 0.5, pt ⇠ 15 GeV

Introduction: 𝐻 + 𝑗 production
2

Introduction

y Shape of 𝒑𝑻,𝑯 distribution may put stronger constraints on light-quark Yukawa couplings [Bishara, Monni et al ’16; 
Soreq et al ’16]

y Non-trivial Higgs transverse momentum (𝒑𝑻,𝑯) distribution generated when extra jet is radiated:  𝑯+ 𝒋

Reliable theoretical predictions for 𝐻 + 𝑗 differential cross section required

[Bishara, Monni et al ’16]y Bounds expected from HL-LHC

lowish pt spectrum 
sensitive to non standard 

light Yukawa modifications

Good understanding of the transition 
between (recently computed) NLO and 

resummation would be beneficial

[Bizon et al (2017)]

[Bishara et al (2016)]



Taming logs: boosted tops
Because of finite energy / drop of PDFs, in the boosted regime 

extra radiation often forced to be soft

QCD resummations for boosted top production Benjamin D. Pecjak

/G
eV

)
-3

 (1
0

T
/d

p
σ

) d
σ

(1
/

0

1

2

3

4

5

6

7
NLO+NNLL'

 = 173.3 GeV)t = m
def

µNNLO (
CMS (l+j)

 = 173.2 GeVtm
LHC 8 TeV

T m = (1/2,1,2)
f
µ

 (GeV)
T

p
0 50 100 150 200 250 300 350 400Da

ta
 / 

NL
O

+N
NL

L'

0.8

0.9

1.0

1.1

1.2

 (p
b/

G
eV

)
T

/d
p

σd

5−10

4−10

3−10

2−10

1−10
NLO+NNLL'
ATLAS

 = 173.2 GeVtm
LHC 8 TeV

T m =  (1/2,1,2)
f
µ

 (GeV)
T

p
300 400 500 600 700 800 900 1000 1100 1200Da

ta
 / 

NL
O

+N
NL

L'

0.6

1.0

1.4

1.8

(a) (b)

 (p
b/

G
eV

)
tt

/d
M

σd

3−10

2−10

1−10

1

10
NLO+NNLL'
ATLAS (l+j)

 = 173.2 GeVtm
LHC 8 TeV

tt M = (1/2,1,2)
f
µ

 (GeV)ttM
400 600 800 1000 1200 1400 1600Da

ta
 / 

NL
O

+N
NL

L'

0.6

0.8

1.0

1.2

1.4

 (p
b/

G
eV

)
tt

/d
M

σd

7−10

6−10

5−10

4−10

3−10

2−10

1−10

1
NLO+NNLL'
NLO

 = 173.2 GeVtm
LHC 8 TeV

tt M =  (1/2,1,2)
f
µ

 (GeV)ttM
500 1000 1500 2000 2500 3000 3500Re

la
tiv

e 
Un

ce
rta

in
ty

0.6

0.8

1.0

1.2

1.4

(c) (d)

Figure 1: Numerical results as explained in the text. Note that while the bottom panels of (a)-(c) display
ratios of predictions, that in (d) displays relative uncertainties.

mass µ f = mT ⌘
q

p2
T +m2

t . The scale uncertainties are estimated by varying all scales inde-
pendently by factors of two around their default values and combining the resulting variations in
quadrature. The results of our analysis are shown in Figure 1.

In Figure 1 (a), we show our NLO+NNLL0 prediction for the top-quark transverse momentum
distribution in the relatively low energy (unboosted) region, compared with a recent experimental
measurement in the lepton+jet channel by the CMS collaboration [15] and also the NNLO results
from [2].2 One sees that the NLO+NNLL0 prediction agrees very well with the data, producing a
slightly softer distribution at higher-pT than the NNLO calculation.

In Figure 1 (b), we present the top-quark transverse momentum distribution in the high-pT

(boosted) region, where both the soft and the small-mass logarithms resummed through our formal-
ism are expected to be relevant. We compare our results with a recent experimental measurement

2We note that [2] uses fixed scales with default values µr = µ f = mt , and has chosen a slightly different top quark
mass mt = 173.3 GeV.

6

•Observable effects in 
the tails of distributions

•Supported by data

QCD resummations for boosted top production Benjamin D. Pecjak

We shall consider the following two kinematic limits of the hard-scattering kernels:

soft limit: ŝ, t1,m2
t � ŝ(1� z)2 , (2.2)

boosted soft limit: ŝ, t1 � m2
t � ŝ(1� z)2 � m2

t (1� z)2 (2.3)

In each of these cases the perturbative expansions of the hard-scattering kernels contain large loga-
rithms of scale ratios at each order in perturbation theory. In particular, the presence of a soft scalep

ŝ(1� z) introduces into the hard-scattering kernel singular plus distributions of the form

Pn(z) =


lnn(1� z)
1� z

�

+

, (2.4)

and the presence of a collinear scale mt in the boosted limit leads to large logarithms of the form
lnn(m2

t /ŝ). In the next two subsections, we discuss formalisms to resum these logarithms to all
orders in perturbation theory.

For the discussion of resummation that follows, it is convenient to study the cross section in
Mellin space. We define the Mellin transform and its inverse by

f̃ (N) = M [ f ](N) =
Z 1

0
dxxN�1 f (x) , f (x) = M�1[ f̃ ](x) =

1
2pi

Z c+i•

c�i•
dN x�N f̃ (N), (2.5)

where the integration contour in the inverse transform is chosen such that it lies to the right of all
singularities in the function f̃ (N). Convolutions such as the differential cross section in Eq. (2.1)
become simple products in Mellin space. Indeed, the Mellin transform of Eq. (2.1) with respect to
t reads

d2es(N)

dM d cosq
=

8pbt

3sM Â
i j

fLi j(N,µ f )eci j(N,M,mt ,cosq ,µ f ) . (2.6)

The limit z ! 1 corresponds to N ! • in Mellin space, with plus distributions related to logarithms
of N̄ ⌘ NegE . In Mellin space, the soft and boosted soft limits in Eq. (2.2) and (2.3) are

Mellin-space soft limit: ŝ, t1,m2
t �

ŝ
N2 , (2.7)

Mellin-space boosted soft limit: ŝ, t1 � m2
t �

ŝ
N2 � m2

t
N2 . (2.8)

We finally note that while Eq. (2.1) is written for the differential cross section with respect
to the top-pair invariant mass M, in the soft limit one can easily perform a change of variable to
obtain differential cross section with respect to the top quark transverse momentum pT . Of course
contributions away from the soft limit are different in the two cases, but we can take them into
account at fixed-order through a matching procedure to be discussed later.

2.1 The soft limit

In the soft limit, the resummed hard-scattering kernel can be written as

eci j(N,M,mt ,cosq ,µ f ) = Tr

"
eUUU

m
i j(µ f ,µh,µs)HHHm

i j(M,mt ,cosq ,µh) eUUU
m†
i j (µ f ,µh,µs)
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NLO+NNLL[Ferroglia et al (2015)]



Learning from logs: jet dynamics
A better understanding of the soft/collinear structure of QCD can give 
interesting information on underlying dynamics. Especially true for jetsPOWERFUL HANDLE: EXPLORE A RANGE OF JET RADII

3 effects: 
➤ perturbative (~ ln R) 
➤ hadronisation (~ 1/R) 
➤ MPI/UE (~ R2) 
To disentangle them, need ≥3 R 
values: 
➤ 0.6–0.7: large MPI/UE 
➤ 0.4: non-pert. effects cancel? 
➤ 0.2–0.3: large hadronisation
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Figure 19. Comparison between a range of theoretical predictions for the inclusive jet cross-
section ratio and data from ATLAS at

p
s = 7TeV [26]. The left-hand column shows NLO-based

comparisons, while the right-hand one shows NNLO(R)-based comparisons. Rectangular boxes
indicate our estimated systematic uncertainties on the data points, while the errors bars correspond
to the statistical uncertainties. Note that these estimates are known to be incomplete, insofar as
the information provided by the ATLAS collaboration on its results is not intended to be used for
the determination of uncertainties on cross section ratios at di↵erent radii.

1%.

Concerning the experimental results, the central value of the ratio can be obtained

directly from the ATLAS data at the two R values. However the ATLAS collaboration has

not provided information on the uncertainties in the ratio. It has provided information [71]

to facilitate the determination of correlations between pt and rapidity bins, specifically

10000 Monte Carlo replicas of their data to aid in estimating statistical correlations, as

well as a breakdown of systematic uncertainties into O (70) sources that are individually

100% correlated across bins and totally uncorrelated with each other. The information is

presented in a format such that, technically, it can also be used to estimate the uncertainties

in the ratio of cross section for two R values. However, we have been advised by the ATLAS

collaboration that the degree of correlation between systematic uncertainties at di↵erent

R values is not well known. Accordingly, we label the uncertainties obtained in this way

as “approx. uncert.” to emphasise that we do not have full knowledge of the experimental

uncertainties in the ratio and that they are potentially larger than our estimate.

Keeping in mind this caveat, we show in Fig. 19 a comparison between various theo-

retical predictions for the cross section ratio at R = 0.4 relative to R = 0.6, together with

the experimental data. One sees overall very good agreement with both the NNLOR and

NNLO+LLR-based results, and substantially worse accord with NLO-based predictions

(albeit consistent with pure NLO and NLO-mult. within their larger uncertainties).
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[G.P. Salam, “Future challenges for perturbative QCD” 2016]

other examples: new observables, jet substructure…



Connecting all of this with the real world: PS
PARTON SHOWER EVOLUTION
•Must degrade high-Q partons into 

mesons/hadrons…
•The first step: all order-emission of 

soft/collinear partons. Less 
accurate than dedicated 
resummation, but (much) more 
generic

•The second step: hadronization 
[here we lost `first principle’ approach]

•CAN GENERATE FULL EVENTS → 
HADRONIZATION → DETECTOR 
SIMULATIONS

•Some of the (many) bonuses added: 
multi-particle dynamics, merging…

one of the tricky parts: how to 
combine all this with state-of-the-art 

high Q predictions/resummations → see S. Alioli’s talk



Example: the mass of a quark…

Quarks don’t exist as asymptotic state. As such, the definition of their 
mass is subtle. Normal `pole of the propagator’ definitions suffer from 

inherent theoretical ambiguities. Nevertheless, this ambiguity is 
estimated to be (much) less than 500 MeV

At the LHC, top mass reconstructed from template fit to observables. 
Experimental reach ~ 500 MeV

Still, tops are created in an hadronic environment. At this level of precision, our 
understanding of it is hampered by our lack of understanding of it from first 

principles → phenomenological models for hadronization, underlying event, MPI…

PS Monte Carlos are an ideal playground to test the robustness of top 
quark mass restrictions under known perturbative and (modeled) 

non perturbative effects 



Summary

Extracted mWbj peak [GeV]
Full Parton level (no MPI)

PY8 HE7 PY8 HE7
No bb̄4l 172.828 172.935 172.527 172.497

smearing hvq 172.780 173.039 172.488 172.497
15 GeV bb̄4l 173.052 172.355 171.803 171.102
smearing hvq 172.613 172.375 171.385 171.279

Had we run HE7 as default, we would have concluded that bb̄4l
and hvq are equivalent for mass extraction purposes!
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Example: the mass of a quark…
Hadronization and MPI

I Hadronization: wider peak, raised tail below peak (Py8).
I MPI: raised tail above peak.

I Very important e↵ects; but
MPI+UE similar in He7/PY8.

25 / 40

Some preliminary results…

[P. N
ason, talk at the TO

P 
W

orking group (2017)]



Conclusions
•The LHC is forcing us to push further the boundaries of our 

understanding of SM predictions at hadron colliders
•It is essential to spot small deviations: control signals / backgrounds
•While the main motivation is for searches/Higgs studies, in the 

process we keep learning important new information on a real world 
quantum field theory. Another (important) legacy of the LHC

•The progress is huge and it is happening very fast, could not make justice to 
it in half an hour. Apologies if your favorite topic was missing [but we’ll 
have a week to discuss…]

•Despite the progress, we are still very far from exploring the full 
potential of the (HL-)LHC (and future colliders). A lot of interesting 
non trivial work still to be done

•Right now: more in-depths analysis of some of the points I 
mentioned



Thank you very much  
for your attention


