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Introduction
• Dark matter (DM) presence supported by overwhelming 

observational evidence 
• Main motivation for developing theories beyond the Standard 

Model (SM) of particle physics 
• Typical paradigm: dark matter is made of weakly interacting 

massive particles (WIMPs) 
• Might make it possible to observe it at collider experiments: in 

particular at the Large Hadron Collider 
• Phenomenology discussed in detail by Reuven Balkin
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This talk

• In this talk, rather than focussing on the phenomenology, I’ll 
present some work into making the predictions for DM at 
colliders (and its background) fast and precise
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Precise



The need for precision

• The LHC is delivering highly accurate data, entering a high-
precision phase. Measurements at the percent-level are 
available for many observables/processes 

• Full exploitation of data needs a very good understanding of 
the underlying theory, and reduction of theory systematics. 
Quest for better approximations, new computational frameworks, 
new generations of multi-purpose tools 

• Indirect constraints on new-physics models only through 
excellent control of SM backgrounds at the differential level 

• Extraction of fundamental SM parameters with unprecedented 
accuracy combining precise data and predictions
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The need for precision accuracy

• The LHC is delivering highly accurate data, entering a high-
precision phase. Measurements at the percent-level are 
available for many observables/processes 

• Full exploitation of data needs a very good understanding of 
the underlying theory, and reduction of theory systematics. 
Quest for better approximations, new computational frameworks, 
new generations of multi-purpose tools 

• Indirect constraints on new-physics models only through 
excellent control of SM backgrounds at the differential level 

• Extraction of fundamental SM parameters with unprecedented 
accuracy combining precise data and predictions
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Accuracy

• To improve the accuracy of the simulations and predictions one 
can include higher order corrections in the coupling constant 

• At the LHC, the dominant corrections are from the expansion 
in the strong coupling, leading to corrections that can be of the 
order of 5-50% or so 
• Hence, mandatory for a decent description of the data 
• Readily available for both SM backgrounds and BSM 

simplified models, e.g., using the NLOCT and 
MadGraph5_aMC@NLO packages 

• Corrections in the electroweak (EW) coupling are typically 
smaller
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Expected importance of EW 
corrections

• By comparing the strength of the strong to the 
EW coupling, one expects that NNLO QCD 
corrections of similar importance to NLO EW 
corrections 
• On top of that, EW corrections can be 

enhanced in certain kinematical regions, 
where they can result in several tens of 
percents: 
• Close to EW resonances, radiation from 

decay products results in sizeable changes 
• Large transverse momenta or invariants 

result in large EW corrections 
• Important in BSM searches, particularly 

when understanding shapes of 
backgrounds is a must
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Figure 7: Transverse momentum of the hardest same-flavour dressed-lepton pair in the

processes of eq. (6.17) (left panel), and Higgs transverse momentum in the processes of

eq. (6.18) (right panel).

We have chosen the two processes in eq. (6.17) in order to be definite, as representatives of

the class of reactions with four final-state leptons; both have been studied before [26, 27,

30, 35, 130, 131]. In fact, without any additional complications, MG5 aMC is able to deal

with any process that belongs to this class, regardless of the particular flavour and charge

combinations.

In detail, the definitions of the pT (ll) (relevant to pp ! e+e�µ+µ�) and pT (l⌫) (relevant

to pp ! e+⌫eµ�⌫̄µ) observables are the following. For the former, one uses dressed leptons;

the e+e� and µ+µ� pairs transverse momenta are then computed, and the largest of the

two is set equal to pT (ll). In the latter case, charged leptons are again dressed first;

then, the transverse momenta of the e+⌫e and µ�⌫̄µ pairs are computed (by using the MC

truth information to find the neutrinos), and the largest of the two is set equal to pT (l⌫).

The NLO EW corrections behave rather di↵erently for the two processes. While for the

four charged lepton process they display the typical Sudakov behaviour at high pT , for

the other process the corrections are positive and growing for pT & 40 GeV, starting to

decrease only towards pT ' 400 GeV. We point out that the two processes have significant

di↵erences in their underlying mechanisms. Firstly, although both 2l2⌫ and 4l production

are dominated by di-boson resonant contributions (namely, di-W and di-Z, respectively),

it is only the former case that features diagrams with t-channel spin-one exchanges (thus

enhanced at large momentum transfers). These appear in ��-initiated processes, owing

to the direct �W+W� coupling. Secondly, partonic processes such as �q ! W+⇤W�⇤q0

that give rise to 2l2⌫ final states may be enhanced at large lepton-pair pT ’s owing to

quasi-collinear q⇤ ! W ⇤q0 splittings (see e.g. ref. [121]). While a similar mechanism also

occurs in 4l production, in that case its e↵ects are balanced by a stronger suppression

than in the case of 2l2⌫ production37. Finally, at the NLO 2l2⌫ production features a

37The overall impact of quasi-collinear enhancements on observable cross sections ultimately depends on

the interplay between their kinematics characteristics, the partonic matrix elements, and PDF e↵ects – see
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Figure 8: Transverse momentum of the hardest vector boson in the processes of eq. (6.19)

(left panel), and transverse momentum of the Higgs boson in the processes of eq. (6.20)

(right panel). Some of the histograms in the main frames are rescaled as indicated in order

to enhance their visibility.

is loop-induced, and therefore is also ignored. As in all of the other cases treated so far,

processes obtained by means of charge conjugation from those of eq. (6.20) can be generated

without problems by MG5 aMC, but have not been considered here.

For inclusive rates (see table 2) the NLO EW corrections are �9% for pp ! HZZ,

�11% for pp ! HHZ, and �13% for pp ! HHW+, while for pp ! HW+Z they are a

positive 1.6%. At the di↵erential level, all of the four processes display the typical behaviour

of EW corrections (i.e. negative and growing in absolute value with pT ) at large transverse

momenta; however, the pT values for which these e↵ects become dominant do depend on the

specific process. In particular, as is the case for the inclusive rates, it is HW+Z production

that stands apart, since up to relatively large transverse momenta (pT ' 200 GeV) the

negative contributions due to the EW Sudakovs (which are present in the other three

processes as well) are compensated by positive contributions. Among these, the dominant

one is driven by a quasi-collinear enhancement stemming from �q ! HW+q⇤(! Zq), a

mechanism fully analogous to that already advocated for the second process in eq. (6.17),

and that cannot be present in the other three processes in eq. (6.20). Finally, we notice

that (smaller) di↵erences between the triple-boson processes of eq. (6.20) can be induced

by virtual corrections, owing to the di↵erent ways in which the bosons enter the one-loop

diagrams (chiefly, by being directly attached to the heavy-quark loop, or by resulting from

the branching of a parent particle that is directly attached to the loop).

⌥ Associated top-quark, and jet production

In the left panel of fig. 9 we consider the transverse momentum of the tt̄ pairs in the

following processes:

pp �! tt̄W+ , pp �! tt̄Z , pp �! tt̄H . (6.21)

These have been studied before in the literature [22, 25, 31, 120, 161], also with a then-
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Figure 9: Top-pair transverse momentum in the processes of eq. (6.21) (left panel), and

transverse momentum of the hardest jet in the processes of eq. (6.22) (right panel). Some

of the histograms in the main frames are rescaled as indicated in order to enhance their

visibility.

private version of MG5 aMC. The pT (tt̄) distributions behave as is typical for EW cor-

rections dominated by EW Sudakov logarithms. Full agreement with our previous re-

sults [22, 25] is found, which constitutes a further cross check of the full automation of the

mixed-coupling expansion achieved in the current version of MG5 aMC. The processes of

eq. (6.21) are also considered in sect. 6.3, where we include all of the LO and NLO terms,

as anticipated in eqs. (6.2) and (6.3).

On the right panel of fig. 9 we show the transverse momentum of the hardest jet in

triple jet, single-top, and tt̄j production:

pp �! jjj , pp �! tj , pp �! tt̄j . (6.22)

As the notation suggests, in the single-top process we do not include single anti-top pro-

duction.

NLO EW corrections to triple-jet production are computed here for the first time.

As fig. 9 shows, we find them to be small for this observable, but not entirely negligible

at the upper end of the considered transverse momentum range (⇠ 1 TeV), where they

are of O(�10%). Up to small di↵erences, they thus exhibit the same pattern as the EW

corrections to the inclusive transverse momentum in dijet production [32, 162]. We have

verified that similar e↵ects are present in the second- and third-hardest jet pT ’s. Conversely,

the impact of NLO EW corrections is seen to be essentially negligible on any of the two- and

three-jet invariant masses (up to 4 TeV) that can be constructed from the three-hardest

jet momenta.

The single-top process of eq. (6.22) includes both t- and s-channel mechanisms. Its

NLO EW corrections have been computed before in the context of supersymmetric exten-

sions of the SM [163–165] (a soft approximation has been employed in ref. [163] to deal

with real-emission contributions). We find that EW corrections follow the typical pattern
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MadGraph5_aMC@NLO

• One code to conquer all… ;-) 
• Modular structure: 

• Use MadGraph5 for LO and steering 
• MadFKS for factoring out infrared 

singularities 
• MadLoop for the virtual corrections 
• aMC@NLO for matching to the parton 

shower 
• Latest news: 

NLO automation has been extended to 
the EW coupling as well  
[arXiv:1804.10017]
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MadGraph5

MadFKS

MadLoop
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J.Alwall, RF, S.Frixione, V.Hirschi, F.Maltoni, O.Mattelaer, 
D.Pagani, H-S.Shao, T.Stelzer, P.Torrielli, M.Zaro (2014, 2018)



EW corrections?
• For example: consider di-jet production 
 

• "NLO EW" is a bit of a misnomer: 
NLO2 and NLO3 part of a "mixed" expansion 

• "Complete-NLO" takes all the LO and NLO 
contributions in the mixed coupling expansion 
into account
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the possibility of having Σk0+p,0 = 0 or Σk0+p,∆(k0)+p = 0 (or both) for p > k0, since

this renders eqs. (2.18) and (2.19) always true. Equation (2.23) has the advantage of a

straightforward interpretation of the role of NLO corrections.

An example may help make the points above more explicit. Consider the contribution

to dijet production due to the partonic process uu → uu; the corresponding lowest-order

t- and u-channel Feynman diagrams feature the exchange of either a gluon or a photon (or

a Z, but we stick to the pure-U(1) theory here). The Born matrix elements will therefore

be the sum of terms that factorise the following coupling combinations:

α2
S , αSα , α2 , (2.24)

which implies k0 = 2, ∆(2) = 2, and cs(2) = c(2) = 0. Therefore, according to eq. (2.23),

the NLO contribution p = 1 will feature the following coupling combinations:

α3
S , α2

Sα , αSα
2 , α3 . (2.25)

From the procedural point of view, it is convenient to identify QCD and QED corrections

according to the relationship between one coupling combination in eq. (2.24) and one in

eq. (2.25), as follows:

αn
Sα

m QCD−→ αn+1
S αm , (2.26)

αn
Sα

m QED−→ αn
Sα

m+1 , (2.27)

which has an immediate graphic interpretation, depicted in fig. 1. Such an interpretation

αs
3 αs

2α α2αs α3

αs
2 αsα α2

Figure 1: QCD (blue, right-to-left arrows) corrections and QED (red, left-to-right arrows)

corrections to dijet production. See the text for details.

has a Feynman-diagram counterpart in the case of real-emission contributions, which is

made explicit once one considers cut-diagrams, like those presented in fig. 2. Loosely

speaking, one can indeed identify the diagram on the left of that figure as representing QED

(since the photon is cut) real-emission corrections to the α2
S Born contribution. On the

other hand, the diagram on the right represents QCD (since the gluon is cut) real-emission

corrections to the αSα Born contribution. This immediately shows that, in spite of being

useful in a technical sense, QCD and QED corrections are not physically meaningful if

taken separately: in general, one must consider them both in order to arrive at a sensible,

NLO-corrected result. This corresponds to the fact that a given coupling combination in

– 20 –

LO1 LO2 LO3

NLO1 NLO2 NLO3 NLO4

Figure 2: Real-emission contributions to dijet production at the NLO and O(α2
Sα). The

saw-shaped lines represent Cutkosky cuts.

the bottom row of fig. 1 can be reached by means of two different arrows when starting

from the top row (i.e., the Born level). Therefore, fig. 1 also immediately shows that when

one considers only the Born term associated with the highest power of αS (α), then QCD-

only (QED-only) corrections are sensible (because only a right-to-left or left-to-right arrow

is relevant, respectively): they coincide with the NLO corrections as defined above (see

the paragraph after eq. (2.10)). It also should be clear that the above arguments have a

general validity, whatever the values of cs(k0), c(k0), and ∆(k0) in eq. (2.23) – the former

two quantities never play a role in the analogues of fig. 1, while by increasing ∆(k0) one

simply inserts more blobs (i.e., coupling combinations) in both of the rows of fig. 1. Finally,

note that reading eqs. (2.26) and (2.27) in terms of diagrams, as has been done for those

of fig. 2, becomes much harder when one considers virtual contributions. For example, the

one whose O(α2
Sα) cut-diagram is shown in fig. 3 (and its analogues) can indeed be equally

well interpreted as a QED loop correction to a QCD×QCD O(α2
S) Born cut-diagram, or

as a QCD loop correction to a QCD×QED O(αSα) Born cut-diagram.

MadGraph5 aMC@NLO has been constructed by having eq. (2.23) in mind; although

the majority of the relevant features are not yet available in the public version of the code,

all of them have already been thoroughly tested in the module responsible for computing

one-loop matrix elements (see sects. 2.4.2 and 4.3), which is by far the hardest from this

point of view, and the checks on the real-emission part are also at quite an advanced stage.

The basic idea is that of giving the user the choice of which coupling combinations to retain

either at the Born or at the NLO level; this corresponds to choosing a set of blobs in the

upper or lower row of fig. 1, respectively. MadGraph5 aMC@NLO will then automatically

also consider the blobs in the row not involved in the selection by the user, in order to

construct a physically-meaningful cross section, compatible with both the user’s choices,

and the constraints due to a mixed-coupling expansion (the arrows in fig. 1). It should be

stressed that, although the results for the coefficients Σk0+p,q can be handled separately by

MadGraph5 aMC@NLO, such coefficients are not (all) independent from each other from a
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Figure 2: Real-emission contributions to dijet production at the NLO and O(α2
Sα). The

saw-shaped lines represent Cutkosky cuts.

the bottom row of fig. 1 can be reached by means of two different arrows when starting

from the top row (i.e., the Born level). Therefore, fig. 1 also immediately shows that when

one considers only the Born term associated with the highest power of αS (α), then QCD-

only (QED-only) corrections are sensible (because only a right-to-left or left-to-right arrow

is relevant, respectively): they coincide with the NLO corrections as defined above (see

the paragraph after eq. (2.10)). It also should be clear that the above arguments have a

general validity, whatever the values of cs(k0), c(k0), and ∆(k0) in eq. (2.23) – the former

two quantities never play a role in the analogues of fig. 1, while by increasing ∆(k0) one

simply inserts more blobs (i.e., coupling combinations) in both of the rows of fig. 1. Finally,

note that reading eqs. (2.26) and (2.27) in terms of diagrams, as has been done for those

of fig. 2, becomes much harder when one considers virtual contributions. For example, the

one whose O(α2
Sα) cut-diagram is shown in fig. 3 (and its analogues) can indeed be equally

well interpreted as a QED loop correction to a QCD×QCD O(α2
S) Born cut-diagram, or

as a QCD loop correction to a QCD×QED O(αSα) Born cut-diagram.

MadGraph5 aMC@NLO has been constructed by having eq. (2.23) in mind; although

the majority of the relevant features are not yet available in the public version of the code,

all of them have already been thoroughly tested in the module responsible for computing

one-loop matrix elements (see sects. 2.4.2 and 4.3), which is by far the hardest from this

point of view, and the checks on the real-emission part are also at quite an advanced stage.

The basic idea is that of giving the user the choice of which coupling combinations to retain

either at the Born or at the NLO level; this corresponds to choosing a set of blobs in the

upper or lower row of fig. 1, respectively. MadGraph5 aMC@NLO will then automatically

also consider the blobs in the row not involved in the selection by the user, in order to

construct a physically-meaningful cross section, compatible with both the user’s choices,

and the constraints due to a mixed-coupling expansion (the arrows in fig. 1). It should be

stressed that, although the results for the coefficients Σk0+p,q can be handled separately by

MadGraph5 aMC@NLO, such coefficients are not (all) independent from each other from a
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Figure 3: Virtual contribution to dijet production at the NLO and O(α2
Sα). The saw-

shaped line represents a Cutkosky cut.

computational viewpoint, because a single Feynman diagram (an amplitude-level quantity)

may contribute to several Σk0+p,q’s (the latter being amplitude-squared quantities). For

this reason, as far as the CPU load is concerned the choice of which coupling combinations

to consider can be equivalently made at the amplitude level. Indeed, this is the only

option presently available in the public version of MadGraph5 aMC@NLO; more detailed

explanations are given in appendix B.1.

2.4.1 NLO cross sections and FKS subtraction: MadFKS

In this section, we briefly review the FKS subtraction [10,12] procedure, and emphasise the

novelties of its implementation in MadGraph5 aMC@NLO w.r.t. its previous automation

in MadFKS [61], the dedicated module included in aMC@NLO.

We shall denote by n the number of final-state particles relevant to the Born con-

tributions to a given cross section. The set of all the partonic 2 → n subprocesses that

correspond to these contributions will be denoted by Rn; each of these subprocesses can

be represented by the ordered list of the identities of its 2 + n partons, thus:

r = (I1, . . . In+2) ∈ Rn . (2.28)

The first operation performed byMadGraph5 aMC@NLO is that of constructingRn, given

the process and the theory model. For example, if one is interested in the hadroproduction

of a W+Z pair in association with a light jet

pp −→ W+Zj (2.29)

as described by the SM, MadGraph5 aMC@NLO will obtain:

R3 =
{(

u, d̄,W+, Z, g
)
, . . .

(
u, g,W+, Z, d

)
, . . .

}
. (2.30)

Since the processes in Rn are tree-level, MadGraph5 aMC@NLO will construct them very

efficiently using the dedicated algorithms (see sect. 2.3.1). Beyond the Born level, an NLO
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For example: NLO2 
has both "QCD" and 
"EW" contributions

NLO
QCD

NLO
EW



Available in the SM

• Next step: apply these corrections also to Dark Matter 
processes (both signal and backgrounds)

!11

10−5

10−4

10−3

10−2

10−1

σ
 p

e
r 

b
in

 [
p

b
]

e+e−µ+µ− NLO (x10)
LO (x10)

e+νeµ
−ν−µ NLO

LO

M
a
d
G
r
a
p
h
5
_
a
M
C
@
N
L
O

Hardest S.F. ll or lν trans. mom.

 0.7
 0.8
 0.9

 1.1
 1.2
 1.3

 1

 20  50  200  500 10  100

N
L

O
/L

O

pT(ll / lν) [GeV]

10−6

10−5

10−4

10−3

10−2

10−1

100

σ
 p

e
r 

b
in

 [
p

b
]

He+νe NLO
LO

He+e− NLO
LO

Hjj NLO
LO

M
a
d
G
r
a
p
h
5
_
a
M
C
@
N
L
O

Higgs boson transverse momentum

 0.7

 0.8
 0.9

 1.1
 1

 20  50  200  500 10  100  1000

N
L

O
/L

O

pT(H) [GeV]

Figure 7: Transverse momentum of the hardest same-flavour dressed-lepton pair in the

processes of eq. (6.17) (left panel), and Higgs transverse momentum in the processes of

eq. (6.18) (right panel).

We have chosen the two processes in eq. (6.17) in order to be definite, as representatives of

the class of reactions with four final-state leptons; both have been studied before [26, 27,

30, 35, 130, 131]. In fact, without any additional complications, MG5 aMC is able to deal

with any process that belongs to this class, regardless of the particular flavour and charge

combinations.

In detail, the definitions of the pT (ll) (relevant to pp ! e+e�µ+µ�) and pT (l⌫) (relevant

to pp ! e+⌫eµ�⌫̄µ) observables are the following. For the former, one uses dressed leptons;

the e+e� and µ+µ� pairs transverse momenta are then computed, and the largest of the

two is set equal to pT (ll). In the latter case, charged leptons are again dressed first;

then, the transverse momenta of the e+⌫e and µ�⌫̄µ pairs are computed (by using the MC

truth information to find the neutrinos), and the largest of the two is set equal to pT (l⌫).

The NLO EW corrections behave rather di↵erently for the two processes. While for the

four charged lepton process they display the typical Sudakov behaviour at high pT , for

the other process the corrections are positive and growing for pT & 40 GeV, starting to

decrease only towards pT ' 400 GeV. We point out that the two processes have significant

di↵erences in their underlying mechanisms. Firstly, although both 2l2⌫ and 4l production

are dominated by di-boson resonant contributions (namely, di-W and di-Z, respectively),

it is only the former case that features diagrams with t-channel spin-one exchanges (thus

enhanced at large momentum transfers). These appear in ��-initiated processes, owing

to the direct �W+W� coupling. Secondly, partonic processes such as �q ! W+⇤W�⇤q0

that give rise to 2l2⌫ final states may be enhanced at large lepton-pair pT ’s owing to

quasi-collinear q⇤ ! W ⇤q0 splittings (see e.g. ref. [121]). While a similar mechanism also

occurs in 4l production, in that case its e↵ects are balanced by a stronger suppression

than in the case of 2l2⌫ production37. Finally, at the NLO 2l2⌫ production features a

37The overall impact of quasi-collinear enhancements on observable cross sections ultimately depends on

the interplay between their kinematics characteristics, the partonic matrix elements, and PDF e↵ects – see
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Figure 8: Transverse momentum of the hardest vector boson in the processes of eq. (6.19)

(left panel), and transverse momentum of the Higgs boson in the processes of eq. (6.20)

(right panel). Some of the histograms in the main frames are rescaled as indicated in order

to enhance their visibility.

is loop-induced, and therefore is also ignored. As in all of the other cases treated so far,

processes obtained by means of charge conjugation from those of eq. (6.20) can be generated

without problems by MG5 aMC, but have not been considered here.

For inclusive rates (see table 2) the NLO EW corrections are �9% for pp ! HZZ,

�11% for pp ! HHZ, and �13% for pp ! HHW+, while for pp ! HW+Z they are a

positive 1.6%. At the di↵erential level, all of the four processes display the typical behaviour

of EW corrections (i.e. negative and growing in absolute value with pT ) at large transverse

momenta; however, the pT values for which these e↵ects become dominant do depend on the

specific process. In particular, as is the case for the inclusive rates, it is HW+Z production

that stands apart, since up to relatively large transverse momenta (pT ' 200 GeV) the

negative contributions due to the EW Sudakovs (which are present in the other three

processes as well) are compensated by positive contributions. Among these, the dominant

one is driven by a quasi-collinear enhancement stemming from �q ! HW+q⇤(! Zq), a

mechanism fully analogous to that already advocated for the second process in eq. (6.17),

and that cannot be present in the other three processes in eq. (6.20). Finally, we notice

that (smaller) di↵erences between the triple-boson processes of eq. (6.20) can be induced

by virtual corrections, owing to the di↵erent ways in which the bosons enter the one-loop

diagrams (chiefly, by being directly attached to the heavy-quark loop, or by resulting from

the branching of a parent particle that is directly attached to the loop).

⌥ Associated top-quark, and jet production

In the left panel of fig. 9 we consider the transverse momentum of the tt̄ pairs in the

following processes:

pp �! tt̄W+ , pp �! tt̄Z , pp �! tt̄H . (6.21)

These have been studied before in the literature [22, 25, 31, 120, 161], also with a then-

– 66 –

10−5

10−4

10−3

10−2

10−1

100

101

σ
 p

e
r 

b
in

 [
p

b
]

tt
−
Z NLO (x10)

LO (x10)
tt
−
H NLO (x3)

LO (x3)
tt
−
W+ NLO

LO

M
a
d
G
r
a
p
h
5
_
a
M
C
@
N
L
O

Top pair transverse momentum

 0.8

 0.9

 1.1

 1

 20  50  200  500 10  100  1000

N
L

O
/L

O

pT(tt
−
) [GeV]

10−1

100

101

102

103

104

105

106

107

σ
 p

e
r 

b
in

 [
p

b
]

jjj NLO
LO

tt
−
j NLO (x100)

LO (x100)
tj NLO (x100)

LO (x100)

M
a
d
G
r
a
p
h
5
_
a
M
C
@
N
L
O

Hardest jet transverse momentum

 0.7
 0.8
 0.9

 1.1
 1.2

 1

 50  200  500 100  1000

N
L

O
/L

O

pT(j1) [GeV]

Figure 9: Top-pair transverse momentum in the processes of eq. (6.21) (left panel), and

transverse momentum of the hardest jet in the processes of eq. (6.22) (right panel). Some

of the histograms in the main frames are rescaled as indicated in order to enhance their

visibility.

private version of MG5 aMC. The pT (tt̄) distributions behave as is typical for EW cor-

rections dominated by EW Sudakov logarithms. Full agreement with our previous re-

sults [22, 25] is found, which constitutes a further cross check of the full automation of the

mixed-coupling expansion achieved in the current version of MG5 aMC. The processes of

eq. (6.21) are also considered in sect. 6.3, where we include all of the LO and NLO terms,

as anticipated in eqs. (6.2) and (6.3).

On the right panel of fig. 9 we show the transverse momentum of the hardest jet in

triple jet, single-top, and tt̄j production:

pp �! jjj , pp �! tj , pp �! tt̄j . (6.22)

As the notation suggests, in the single-top process we do not include single anti-top pro-

duction.

NLO EW corrections to triple-jet production are computed here for the first time.

As fig. 9 shows, we find them to be small for this observable, but not entirely negligible

at the upper end of the considered transverse momentum range (⇠ 1 TeV), where they

are of O(�10%). Up to small di↵erences, they thus exhibit the same pattern as the EW

corrections to the inclusive transverse momentum in dijet production [32, 162]. We have

verified that similar e↵ects are present in the second- and third-hardest jet pT ’s. Conversely,

the impact of NLO EW corrections is seen to be essentially negligible on any of the two- and

three-jet invariant masses (up to 4 TeV) that can be constructed from the three-hardest

jet momenta.

The single-top process of eq. (6.22) includes both t- and s-channel mechanisms. Its

NLO EW corrections have been computed before in the context of supersymmetric exten-

sions of the SM [163–165] (a soft approximation has been employed in ref. [163] to deal

with real-emission contributions). We find that EW corrections follow the typical pattern
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Fast



Fast

• Simulations are slow 
• Most time-consuming part is the "detector simulation" 

~ several minutes per event (i.e., a single collision) 
• Typically 1-10s of millions of events per process needed 

(and even 100s of millions for the main SM processes) 
• Lots of time spend for optimisation — not much to gain 

anymore in the detector simulation 
• Huge computer farms (and the LHC GRID!) are a must

!13



Events

• What are "events"? 
• Most naively: the phase-space point (i.e., momenta of all 

particles) in the numerical integration (Monte Carlo) 
• This means that each event comes with a weight: the value of 

the matrix elements, partonic luminosity, phase-space 
Jacobian, etc. 

• At LO, these weights are all positive and bounded. Hence, one 
can unweight the events 
• Keep events randomly, based on their relative weight 

• Removes the weight of the events 
• Reduces the number of events to the absolute minimum, 

without reducing the statistical precision

!14



Events at NLO

• At NLO the weights are not bounded and not positive 
definite 
• However, with some tricks based on all-order 

resummation of soft/collinear radiation, they can 
become bounded, but not positive definite 

• Hence, unweighting is possible, up to a sign: 
weights are ±1 

• In practice, sometimes many negative weights. Can be 
up to ~40%

!15



Many more events needed when 
fraction of negative weights goes bad

• A large number of negative weights makes predictions unsuitable 
for phenomenology: computational cost is too large

!16
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Origin of negative weights
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+ anything
= + O(αs2) +

Leading Order
Next-to-Leading Order

NNLO and beyond

Virtual 
corrections

Real-emission 
corrections

d�S-event = d�B


B + V +

Z
d�1B ⌦ R̃

�
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can be negative

can be larger than R

• Schematically…



Reducing negative weights
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d�S-event = d�B


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This integral is done using Monte Carlo methods (together with the 
phase-space integration over the ΦB). However, nothing prevents us 
to throw more points here for a single ΦB phase-space point. This 
reduces fluctuations, resulting in a more-positive integrand

This whole term can be multiplied by an arbitrary O(αS) contribution, 
which dampens this contribution (as long as it doesn’t hamper all-
order resummation terms). The difference with the original formula 
can be added to the S-event contribution.



Reduction

• First results are promising 
• Reduction in number of negatively weighted events often 

more than a factor 5 
• This makes predictions a lot faster, since many fewer 

events need to be generated to have the same statistical 
power 

• No modification in any of the physics. All differences with 
standard simulations are well within the uncertainty 
estimates

!19



Conclusions

• Automated calculations for EW corrections to any SM collider 
processes now available 

• Next step is to apply them in analyses for Dark Matter 
searches at colliders 

• Modifications of the basic simulation formulae reduces the 
number of negatively weighted event 

• Same statistical power with less events! 
• Huge reduction in computational cost 
• Some simulations no longer 'impossible', but rather 'can do'

!20


