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Preliminary remark on scales

‘Good scales’ are commonly found retrospectively 
requiring NLO corrs be small or sensitivity minimized

‘Bad scales’ → big scale logs → big corrs & sensitivity 

Big corrections can have real physical origins:
new production channels, I.R. logs, big colour factors, 
big gluon lumi ...

Adjusting scale to make corrs / sensitivity small can 
effectively ‘eat’ unrelated physics in scale choice 
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MiNLO: Multiscale improved NLO

MiNLO only addresses processes with jets

MiNLO recipe doesn’t aim at minimizing μ sensitivity 

It’s more about getting a better central value 

It’s a priori i.e. there’s not so much you can ‘tune’

The MiNLO scheme is just the same one used for the 
matrix elements in MCs using ME+PS merging ... 

with a couple of easy-to-do modificatns to keep NLO NLO

It therefore accounts for potentially big Sudakov 
logs, beyond NLO, that can turn predictns to garbage
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... with a cut defined in terms of a jet measure: q0

Reminder of ME+PS methods

αs = αs(q0),  μF = q0

1. Take an ME generator and generate events ...
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ME

ME

ME

ME

This partitions phase space into the ME region ...

[ yij ≥ q0  ∀  partons i, j ]

Reminder of ME+PS methods
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... and the PS regions of phase space.

PS

PS

PS

PS

[ yij ≥ q0  ∀  partons i, j ]

Reminder of ME+PS methods

[ yij ≥ q0  ∀  partons i, j ]
6Thursday, 31 January 13



2. Apply kT jet-algo to get a shower history

Reminder of ME+PS methods
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3. Include LL infrared effects [like a PS does]

Coupling constant weighting for branching vertices  

Sudakov suppression factors for no further emission in ME region

αs(q1)

αs(q2)

Δj(q0 ; qm)
Δj(q0 ; q1)

Reminder of ME+PS methods

Δi(q0 ; q2)
Δi(q0 ; qm)

αs(qm)

8Thursday, 31 January 13



4. Fill below the q0 cut with vetoed showers

Reminder of ME+PS methods
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Gives smooth behaviour as pseudopartons get close ... 

Reminder of ME+PS methods

dσ

Log[y34]

10Thursday, 31 January 13



Gives smooth behaviour as pseudopartons get close ... 

Reminder of ME+PS methods

dσ

Log[y34]
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Gives smooth behaviour as pseudopartons get close ... 

Reminder of ME+PS methods

dσ

Log[y34]
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NLO x-secs have the generic form:

Extension 1: don’t break scale compensation 

a procedure in accordance with the following generic requirements:

• the full result has formal NLO accuracy, therefore the scale variation around the
central values is formally of next-to-next-to-leading (NNLO) order;

• the accuracy and the smooth behaviour near the Sudakov regions is comparable to
that of the corresponding tree-level calculation in the adopted CKKW scheme;

• the procedure is simple and easily implemented for any NLO parton level generator,
requiring only minor work on top of the NLO calculation available.

The procedure we propose is based upon two simple observations. The first one concerns
the choice of the renormalization scale µR. To this end let us note that NLO cross sections
have the formal structure
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where B denotes the Born term and R the real corrections to it. The virtual corrections are
shown in parenthesis, their explicit renormalization scale dependence being proportional to
the Born term, where b0 is the one loop beta function coefficient

b0 =
33� 2nf

12⇡
, (1.2)

and Q is a momentum scale representative of the leading order kinematics. The explicit
µR dependence of the virtual corrections is such that the variation of eq. (1.1) with respect
to changing the renormalization scale is of order ↵N+2

S ; terms of order ↵N+1
S induced by

varying µR in the Born and virtual contributions cancel exactly due to the renormalization
group equation.

From here it is clear that should we choose to evaluate the N coupling constants in
the Born term at different scales {µi}, as in the matrix-element-parton shower merging
algorithms, in order for NLO scale compensation to take place eq. (1.1) must generalise to
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where the scales µ0
R and µ00

R in the virtual and real terms are irrelevant from the point of
view of scale compensation: ↵S(µR) � ↵S(µ

0
R) ⇡ O(↵2

S). In eq. (1.3), scale compensation
takes place independently for each of the µi that is varied. While it may be a relatively
straightforward task to evaluate N coupling constants at N scales for the Born term, virtual
corrections in NLO calculations are usually expressed in terms of a single renormalization
scale only. However, by simply setting µR in the virtual term to be the geometric mean of
the µi in eq. (1.3)

µR =

 
NY

i=1

µi

! 1
N

, (1.4)

– 3 –

d�

d�

= ↵N
S (µR)B + ↵N+1

S (µR)


V +N b0 log

µ2
R

Q2
B

�
+ ↵N+1

S (µR)R

↵N
S (µR)B������!

µR ! µ0
R

↵N
S (µR)B +N b0 ↵

N+1
S (µR) log

µ2
R

µ02
R

B +O
⇣
↵N+2
S

⌘

↵N+1
S (µR)


V +N b0 log

µ2
R

Q2
B

�
������!
µR ! µ0

R

↵N+1
S (µR)


V +N b0 log

µ2
R

Q2
B

�
�N b0 ↵

N+1
S (µR) log

µ2
R

µ02
R

B +O
⇣
↵N+2
S

⌘

– 1 –

d�

d�

= ↵N
S (µR)B + ↵N+1

S (µR)


V +N b0 log

µ2
R

Q2
B

�
+ ↵N+1

S (µR)R

↵N
S (µR)B������!

µR ! µ0
R

↵N
S (µR)B +N b0 ↵

N+1
S (µR) log

µ2
R

µ02
R

B +O
⇣
↵N+2
S

⌘

↵N+1
S (µR)


V +N b0 log

µ2
R

Q2
B

�
������!
µR ! µ0

R

↵N+1
S (µR)


V +N b0 log

µ2
R

Q2
B

�
�N b0 ↵

N+1
S (µR) log

µ2
R

µ02
R

B +O
⇣
↵N+2
S

⌘

– 1 –

Vary μR → μR’ in Born & you get back Born + O(αSN+1)

Vary μR → μR’ in virtual & you get back virtual + O(αSN+1)

The net variation is O(αSN+2) → scale compensation
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For this to hold when using multiple different scales in 
Born αS’s input a fancy choice of μR to the virtuals:

This way virt. μ → μ’ O(αSN+1) variatn cancels that of Born  

Equivalently, use some fixed μ & subtract ‘by hand’ a 
[scale] compensating term derived from the αSN wgts

a procedure in accordance with the following generic requirements:
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Latter can be viewed as undoing the spurious NLO effect 
coming from reweighting the Born with MEPS αS’s 

Extension 1: don’t break scale compensation 
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Extension 2: don’t overcount Sudakov logs 

to the relative transverse momentum value at which the clustering has taken place. In the
CKKW formalism one also assigns a resolution scale Q0, meaning that the cross section is
interpreted as being inclusive for all radiation below Q0.

The recursive procedure ends when no further clustering is possible and we refer to
the remaining ensemble of particles as the primary system.2 We assign it a scale equal to
its invariant mass Q. The CKKW cross section is obtained by taking the tree-level matrix
element, with the strong couplings associated with each node evaluated at the corresponding
scale. The remaining m = N � n powers of the strong coupling3 are associated with the
primary system, and are evaluated at the scale Q. Intermediate lines between nodes i and
j in the branching history are furthermore assigned a Sudakov form factor

�fij (Q0, qi)

�fij (Q0, qj)
, (2.1)

where fij is the flavour of the line joining i and j, where i is the node closest to the primary
vertex (qi > qj). External lines have Sudakov form factors equal to �f (Q0, qi), where i is
the node connected to the external line.

The general form of the Sudakov exponent is

�f (Q0, Q) = exp
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q

✓
log
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q
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, f = q, g , (2.2)

where Cg = CA, Bg = ⇡b0/CA or Cq = CF , Bq = 3/4 for gluon or quark lines respectively.
Using the leading logarithmic expression for ↵S, we can compute the Sudakov form factor
analytically. We obtain
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A more detailed analysis, adequate for NLL accuracy, is presented in appendix A.
Expanding eq. (2.3) in powers of ↵S we get
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(1)
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S), (2.4)
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that represents the effective NLO correction that is already included in the Born term when
we use the CKKW prescription, and will eventually be subtracted in our method.

Finally, we note that in the CKKW algorithm the factorization scale in the parton
density functions is set to Q0, the matrix element-parton shower merging scale. Each event
from the tree-level matrix element generator, when reweighted to include these Sudakov
form factor and scale settings, is then passed to a parton shower simulation, constrained in

2In processes like W + jets production, the clustering typically stops when all jets are clustered away.
In the case of jet production, clustering should stop when at least two jets are left.

3In the case of Higgs production in gluon fusion, for example, there will be always at least two powers
of ↵S associated with the primary system.

– 5 –

Multiplication of Born by Sudakovs generates NLO IR logs 

But NLO was NLO so it already had them in it

So as well as deleting NLO terms generated by αS wgts
we delete O(αS) expansion of all Sudakov wgts * Born
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Properties of MiNLO

MiNLO is always NLO accurate - same as NLO up to NNLO

For sufficiently inclusive observables MiNLO is also 
NLL accurate  

When used as starting point for Powheg / MC@NLO the 
scope of the resummation greatly extended ; multiple 
emissions are explicitly accounted for.
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The observables for which we expect most advantges from the MINLO method are those
that can be constructed from the momenta of the pseudo-partons after a kT-clustering
procedure carried out until we have n jets, n being the number of radiated partons beyond
the primary process at the Born level (e.g. n = 1 for HJ and ZJ and n = 2 for HJJ and
ZJJ). Strictly speaking it should work for observables built up with the n-jet exclusive cross
section. This is obtained by applying the kT clustering algorithm, discarding or merging
the pseudoparton with the smallest transverse momentum until we are left with exactly n

pseudopartons. In practice, it should also work well for quantities built out of the hardest
n jets, as defined in the inclusive kT algorithm with a reasonable (i.e. not too small) choice
of the R parameter. We remark, however, that quantities that are sensitive to the radiation
in the real event (i.e. to the third parton in HJJ and to the second parton in HJ) the MINLO
method has no great advantage over the standard ones. In fact, no Sudakov suppression is
included for the radiated parton in the real cross section. On the other hand, the POWHEG
method provides specifically these Sudakov form factors, while maintaining NLO accuracy.
Therefore, the MINLO method combined with POWHEG yields the fully resummed results for
all quantities. We expect that in this framework the POWHEG results improved with the
MINLO method will ease the task of merging multijet samples, by providing associated jet
cross section that merge more smoothly with those with smaller multiplicity.

It is possible to conceive observables for which the MINLO method includes double
logarithms (at the NNLO level and beyond) that are actually not correct [32]. At the end
of Section 5.2.1 we will consider two such examples.

5.2 Higgs boson production

5.2.1 Higgs boson production in association with one jet

We begin by considering the MINLO improved HJ calculation. In fig. 2 we show the transverse
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Figure 2: Transverse momentum spectrum of the Higgs boson, computed with the POWHEG BOX
ggH generator (H PWG), the HJ-MINLO result (HJ MINLO), the HJ default µF = µR = pH

T (HJ
RUN), and HJ with µF = µR = MH (HJ FXD). The right panel shows the ratio of each of the
NLO HJ results with respect to the NLO ggH POWHEG simulation with the band either side of the
central values indicating the combined renormalization and factorization scale uncertainty. Results
are shown for LHC collisions at 7 TeV and a Higgs mass of 120 GeV. No cuts are applied.
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HJ RUN above HJ FXD : αS(pT) > αS(mH) 
NLO H+1 jet calcs outside each other’s envelopes by 60 GeV
HJ RUN [μR=μF=pT,H] departs from resummed H PWG at 60 GeV
HJ FXD’s high μR makes up for missing Sudakov a bit longer
Uncertainty envelopes shrink on way down from 40-60 GeV :-/
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The observables for which we expect most advantges from the MINLO method are those
that can be constructed from the momenta of the pseudo-partons after a kT-clustering
procedure carried out until we have n jets, n being the number of radiated partons beyond
the primary process at the Born level (e.g. n = 1 for HJ and ZJ and n = 2 for HJJ and
ZJJ). Strictly speaking it should work for observables built up with the n-jet exclusive cross
section. This is obtained by applying the kT clustering algorithm, discarding or merging
the pseudoparton with the smallest transverse momentum until we are left with exactly n

pseudopartons. In practice, it should also work well for quantities built out of the hardest
n jets, as defined in the inclusive kT algorithm with a reasonable (i.e. not too small) choice
of the R parameter. We remark, however, that quantities that are sensitive to the radiation
in the real event (i.e. to the third parton in HJJ and to the second parton in HJ) the MINLO
method has no great advantage over the standard ones. In fact, no Sudakov suppression is
included for the radiated parton in the real cross section. On the other hand, the POWHEG
method provides specifically these Sudakov form factors, while maintaining NLO accuracy.
Therefore, the MINLO method combined with POWHEG yields the fully resummed results for
all quantities. We expect that in this framework the POWHEG results improved with the
MINLO method will ease the task of merging multijet samples, by providing associated jet
cross section that merge more smoothly with those with smaller multiplicity.

It is possible to conceive observables for which the MINLO method includes double
logarithms (at the NNLO level and beyond) that are actually not correct [32]. At the end
of Section 5.2.1 we will consider two such examples.

5.2 Higgs boson production

5.2.1 Higgs boson production in association with one jet

We begin by considering the MINLO improved HJ calculation. In fig. 2 we show the transverse
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Figure 2: Transverse momentum spectrum of the Higgs boson, computed with the POWHEG BOX
ggH generator (H PWG), the HJ-MINLO result (HJ MINLO), the HJ default µF = µR = pH

T (HJ
RUN), and HJ with µF = µR = MH (HJ FXD). The right panel shows the ratio of each of the
NLO HJ results with respect to the NLO ggH POWHEG simulation with the band either side of the
central values indicating the combined renormalization and factorization scale uncertainty. Results
are shown for LHC collisions at 7 TeV and a Higgs mass of 120 GeV. No cuts are applied.
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MiNLO agrees w.other H+1 jet NLOs at high pT as promised 
MiNLO within 40% of H PWG in deep Sudakov region 
MiNLO’s scale uncertainty does not shrink towards low pT
‘Normal’ bands shrink to 0 by having 1st Sudakov log only
Shrinking envelope as pT → 0 is surely a bad sign

Case study: NLO Higgs + 1 jet
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ZJJ). Strictly speaking it should work for observables built up with the n-jet exclusive cross
section. This is obtained by applying the kT clustering algorithm, discarding or merging
the pseudoparton with the smallest transverse momentum until we are left with exactly n

pseudopartons. In practice, it should also work well for quantities built out of the hardest
n jets, as defined in the inclusive kT algorithm with a reasonable (i.e. not too small) choice
of the R parameter. We remark, however, that quantities that are sensitive to the radiation
in the real event (i.e. to the third parton in HJJ and to the second parton in HJ) the MINLO
method has no great advantage over the standard ones. In fact, no Sudakov suppression is
included for the radiated parton in the real cross section. On the other hand, the POWHEG
method provides specifically these Sudakov form factors, while maintaining NLO accuracy.
Therefore, the MINLO method combined with POWHEG yields the fully resummed results for
all quantities. We expect that in this framework the POWHEG results improved with the
MINLO method will ease the task of merging multijet samples, by providing associated jet
cross section that merge more smoothly with those with smaller multiplicity.

It is possible to conceive observables for which the MINLO method includes double
logarithms (at the NNLO level and beyond) that are actually not correct [32]. At the end
of Section 5.2.1 we will consider two such examples.

5.2 Higgs boson production

5.2.1 Higgs boson production in association with one jet

We begin by considering the MINLO improved HJ calculation. In fig. 2 we show the transverse

10−1

100

d
σ
/d

pH T
[p
b
/G

eV
]

R
at
io

0
0.5
1

1.5

20 40 60 80 100
pH

T
[GeV]

d
σ
/d

pH T
[p
b
/G

eV
]

R
at
io

H PWG
HJ MINLO

HJ RUN
HJ FXD

1
2
4

R
at
io

MINLO

1
2
4

R
at
io

RUN

1
2
4

20 40 60 80 100
p

H

T
[GeV]

R
at
io

FXD

Figure 2: Transverse momentum spectrum of the Higgs boson, computed with the POWHEG BOX
ggH generator (H PWG), the HJ-MINLO result (HJ MINLO), the HJ default µF = µR = pH

T (HJ
RUN), and HJ with µF = µR = MH (HJ FXD). The right panel shows the ratio of each of the
NLO HJ results with respect to the NLO ggH POWHEG simulation with the band either side of the
central values indicating the combined renormalization and factorization scale uncertainty. Results
are shown for LHC collisions at 7 TeV and a Higgs mass of 120 GeV. No cuts are applied.
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The observables for which we expect most advantges from the MINLO method are those
that can be constructed from the momenta of the pseudo-partons after a kT-clustering
procedure carried out until we have n jets, n being the number of radiated partons beyond
the primary process at the Born level (e.g. n = 1 for HJ and ZJ and n = 2 for HJJ and
ZJJ). Strictly speaking it should work for observables built up with the n-jet exclusive cross
section. This is obtained by applying the kT clustering algorithm, discarding or merging
the pseudoparton with the smallest transverse momentum until we are left with exactly n

pseudopartons. In practice, it should also work well for quantities built out of the hardest
n jets, as defined in the inclusive kT algorithm with a reasonable (i.e. not too small) choice
of the R parameter. We remark, however, that quantities that are sensitive to the radiation
in the real event (i.e. to the third parton in HJJ and to the second parton in HJ) the MINLO
method has no great advantage over the standard ones. In fact, no Sudakov suppression is
included for the radiated parton in the real cross section. On the other hand, the POWHEG
method provides specifically these Sudakov form factors, while maintaining NLO accuracy.
Therefore, the MINLO method combined with POWHEG yields the fully resummed results for
all quantities. We expect that in this framework the POWHEG results improved with the
MINLO method will ease the task of merging multijet samples, by providing associated jet
cross section that merge more smoothly with those with smaller multiplicity.

It is possible to conceive observables for which the MINLO method includes double
logarithms (at the NNLO level and beyond) that are actually not correct [32]. At the end
of Section 5.2.1 we will consider two such examples.

5.2 Higgs boson production

5.2.1 Higgs boson production in association with one jet

We begin by considering the MINLO improved HJ calculation. In fig. 2 we show the transverse

10−1

100

d
σ
/d

pH T
[p
b
/G

eV
]

R
at
io

0
0.5
1

1.5

20 40 60 80 100
pH

T
[GeV]

d
σ
/d

pH T
[p
b
/G

eV
]

R
at
io

H PWG
HJ MINLO

HJ RUN
HJ FXD

1
2
4

R
at
io

MINLO

1
2
4

R
at
io

RUN

1
2
4

20 40 60 80 100
p

H

T
[GeV]

R
at
io

FXD

Figure 2: Transverse momentum spectrum of the Higgs boson, computed with the POWHEG BOX
ggH generator (H PWG), the HJ-MINLO result (HJ MINLO), the HJ default µF = µR = pH

T (HJ
RUN), and HJ with µF = µR = MH (HJ FXD). The right panel shows the ratio of each of the
NLO HJ results with respect to the NLO ggH POWHEG simulation with the band either side of the
central values indicating the combined renormalization and factorization scale uncertainty. Results
are shown for LHC collisions at 7 TeV and a Higgs mass of 120 GeV. No cuts are applied.
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MiNLO in NLO & NLOPS
Theoretically well motivated scale setting recipe for 
procs with light jets, based on that used in ME+PS

Unlike std. NLO it doesn’t break when Born kinematics 
approach soft / collinear configurations

Scale uncertainties are also more reliable

The same as conventional NLO up to NNLO terms

Agrees better with conventional NLO using higher 
scales e.g. HT/2 [ ... but not HT ]

It’s a prerequisite for merging NLO+PS’s together

It’s pretty simple to implement ...
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MiNLO Mk2

First MiNLO paper claims MiNLO Boson+jet is LO accurate 
for inclusive Boson predictions

Rigorous investigatn in arXiv:1212.4504 [Nason et al.]

Reveals claim to be true ...

It improved MiNLO s.t. NLO Boson+jet alone also gives 
NLO for incl. boson observables

Like CKKW, at NLO level, but w/o any actual merging
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Left NLO H PWG uncertainty w. MiNLO HJ inset as green +’s
Right MiNLO HJ uncertainty w. NLO H inset in red +’s
Both 7 pt independent μR , μF scale variation bands

Case study: NLO H vs MiNLO Mk2 HJHJ-MINLO-NEW
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Again central values in good agreement
MiNLO HJ is NLO for H+jet and H inclusive
Powheg H only NLO for H inclusive
Hence MiNLO HJ band is expectedly smaller at high pT

HJ-MINLO-NEW
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• central values of the H and HJ-MINLO generator in very good agreement

• the HJ-MINLO generator has a smaller scale-variation band: the HJ-MINLO generator

achieves NLO accuracy for one-jet inclusive distributions, while the H generator is only tree-

level accurate.

Carlo Oleari Merging H/W/Z + 0 and 1 jet at NLO with no merging scale 16

HJ-MINLO-NEW

10−3

10−2

10−1

100

d
σ
/d

p
H T

[p
b
/G

eV
]

ra
ti

o

pH

T
[GeV]

d
σ
/d

p
H T

[p
b
/G

eV
]

ra
ti

o

H+Pythia
HJ+Pythia

0.5
1.0
1.5

0 50 100 150 200 250 300 350 400

10−3

10−2

10−1

100

d
σ
/d

p
H T

[p
b
/G

eV
]

ra
ti

o
pH

T
[GeV]

d
σ
/d

p
H T

[p
b
/G

eV
]

ra
ti

o

HJ+Pythia
H+Pythia

0.5
1.0
1.5

0 50 100 150 200 250 300 350 400

• central values of the H and HJ-MINLO generator in very good agreement
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achieves NLO accuracy for one-jet inclusive distributions, while the H generator is only tree-

level accurate.
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Case study: NLO H vs MiNLO Mk2 HJ
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W- @ Tevatron with 3-pt. symmetric scale unc. bands
MiNLO WJ low w.r.t Powheg W by 4-5%, band larger by ~2% 
in central region and gets wider toward large yW 
Powheg W uncertainty is pretty small < 3% ...
NO shape differences

Case study: NLO W vs MiNLO Mk2 WJWJ-MINLO-NEW
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• W−, Tevatron @ 1.96 TeV. Symmetric error bands: KR = KF = {1/2, 1, 2}

• no shape difference. WJ+MINLO central value is about 5% below the W one. The WJ band is

slightly larger than the W one for central rapidities, widening towards larger rapidities.
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slightly larger than the W one for central rapidities, widening towards larger rapidities.

Carlo Oleari Merging H/W/Z + 0 and 1 jet at NLO with no merging scale 18
22Thursday, 31 January 13



As with Higgs case differences in Sudakov f.f.s manifest 
in the low pT part of the spectrum
Powheg W error band is highly spurious for pT >~ mW [LO]
MiNLO WJ band looks pretty reasonable [NLO]

Case study: NLO W vs MiNLO Mk2 WJ
WJ-MINLO-NEW
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• noticeable shape differences between the W and WJ+MINLO distribution, especially at low pW
T :

the WJ+MINLO Sudakov form factor peaks at a lower value of pW
T .

• this distribution is described only at LO by the W generator, while the WJ+MINLO description

is NLO accurate.

• the error band in WJ+MINLO is of an acceptable size at large transverse momenta, while it

seems to be excessively small in the very low transverse momentum region.
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• noticeable shape differences between the W and WJ+MINLO distribution, especially at low pW
T :

the WJ+MINLO Sudakov form factor peaks at a lower value of pW
T .

• this distribution is described only at LO by the W generator, while the WJ+MINLO description

is NLO accurate.

• the error band in WJ+MINLO is of an acceptable size at large transverse momenta, while it

seems to be excessively small in the very low transverse momentum region. 23Thursday, 31 January 13



Conclusions on MiNLO Mk2
MiNLO for NLO boson+jet, alone, refined to return, 
simultaneously, NLO predictions for incl. boson prodn

Log accuracy is the same as before

‘CKKW at NLO’ without actual merging 

Trivial rwgt of events [NNLO ÷ MiNLO] gives NNLO+PS

Work needed to clarify reln of scale variation in 
conventional NLO inclusive w.r.t MiNLO for inclusive

Applicatn to other white-stuff+jet goes the same way

Applicatn to higher jet multiplicities requires we 
learn more resummation technology [ O(yearS) ]  
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The observables for which we expect most advantges from the MINLO method are those
that can be constructed from the momenta of the pseudo-partons after a kT-clustering
procedure carried out until we have n jets, n being the number of radiated partons beyond
the primary process at the Born level (e.g. n = 1 for HJ and ZJ and n = 2 for HJJ and
ZJJ). Strictly speaking it should work for observables built up with the n-jet exclusive cross
section. This is obtained by applying the kT clustering algorithm, discarding or merging
the pseudoparton with the smallest transverse momentum until we are left with exactly n

pseudopartons. In practice, it should also work well for quantities built out of the hardest
n jets, as defined in the inclusive kT algorithm with a reasonable (i.e. not too small) choice
of the R parameter. We remark, however, that quantities that are sensitive to the radiation
in the real event (i.e. to the third parton in HJJ and to the second parton in HJ) the MINLO
method has no great advantage over the standard ones. In fact, no Sudakov suppression is
included for the radiated parton in the real cross section. On the other hand, the POWHEG
method provides specifically these Sudakov form factors, while maintaining NLO accuracy.
Therefore, the MINLO method combined with POWHEG yields the fully resummed results for
all quantities. We expect that in this framework the POWHEG results improved with the
MINLO method will ease the task of merging multijet samples, by providing associated jet
cross section that merge more smoothly with those with smaller multiplicity.

It is possible to conceive observables for which the MINLO method includes double
logarithms (at the NNLO level and beyond) that are actually not correct [32]. At the end
of Section 5.2.1 we will consider two such examples.

5.2 Higgs boson production

5.2.1 Higgs boson production in association with one jet

We begin by considering the MINLO improved HJ calculation. In fig. 2 we show the transverse
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Figure 2: Transverse momentum spectrum of the Higgs boson, computed with the POWHEG BOX
ggH generator (H PWG), the HJ-MINLO result (HJ MINLO), the HJ default µF = µR = pH

T (HJ
RUN), and HJ with µF = µR = MH (HJ FXD). The right panel shows the ratio of each of the
NLO HJ results with respect to the NLO ggH POWHEG simulation with the band either side of the
central values indicating the combined renormalization and factorization scale uncertainty. Results
are shown for LHC collisions at 7 TeV and a Higgs mass of 120 GeV. No cuts are applied.
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the sum running on all final state partons. These two scale choices will be labelled FXD
and RUN in the figures. We begin by comparing in fig. 7 the transverse momentum of the
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Figure 7: The transverse momentum of the Higgs boson (left) and the differential jet rate y01
(right), representing the logarithm of the resolution scale in the kT jet algorithm [14] for which
1-jet events become resolved as 0-jet ones. Results shown are computed with the POWHEG BOX HJ
generator, augmented by the MINLO procedure, and with HJJ-MINLO method. Distributions are
shown for LHC collisions at 7 TeV and a Higgs mass of 120 GeV. No cuts are applied.

Higgs obtained with the POWHEG BOX HJ generator (interfaced to the PYTHIA shower) and
the MINLO HJJ generator. The POWHEG BOX HJ generator was modified with the inclusion
of the MINLO method for the computation of the underlying Born kinematics. No standard
NLO Higgs plus two jets prediction is possible for this distribution, since it does not require
the presence of at least two jets. Thus, as previously discussed, we expect the MINLO result
to give a LO representation of the physical cross section. We can see that, in spite of this
the MINLO result is still remarkably close to the POWHEG BOX cross section. The agreement is
particularly impressive at very low transverse momentum, where it seems that the MINLO HJJ
result gives a description of the total Higgs cross section that is very close to the one given
by the HJ POWHEG BOX generator. The latter, when improved with the MINLO prescription,
yields a cross section that is accurate at least at LO, according to the discussion given at
the beginning of Section 5. In the right panel of fig. 7 we show the differential jet rate for
the zero jet to one jet transition. Here again we see the MINLO prediction closely tracks the
result of the HJ POWHEG generator.

In fig. 8 the differential jet rate y12 is shown. For this distribution the MINLO result
and the standard NLO calculations are all predictive, showing reasonable agreement among
each other for moderately large merging scales. At small scales, the MINLO result is in better
agreement with the POWHEG BOX HJ code and shows a better scale stability. The standard
HJJ NLO results, by constrast, display unphysical behaviour under scale variation, especially
as far as the ˆHT scale choice is concerned.

In fig. 9 we show the transverse momentum of the leading jet in events with at least
two jets. All NLO calculations, MINLO-improved and those with conventional scale setting,
are again predictive for this distribution. Observe that in the case of the running scale
prediction (µR = µF =

ˆHT ) the central value is outside the MINLO error band. Using a
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the sum running on all final state partons. These two scale choices will be labelled FXD
and RUN in the figures. We begin by comparing in fig. 7 the transverse momentum of the
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Higgs obtained with the POWHEG BOX HJ generator (interfaced to the PYTHIA shower) and
the MINLO HJJ generator. The POWHEG BOX HJ generator was modified with the inclusion
of the MINLO method for the computation of the underlying Born kinematics. No standard
NLO Higgs plus two jets prediction is possible for this distribution, since it does not require
the presence of at least two jets. Thus, as previously discussed, we expect the MINLO result
to give a LO representation of the physical cross section. We can see that, in spite of this
the MINLO result is still remarkably close to the POWHEG BOX cross section. The agreement is
particularly impressive at very low transverse momentum, where it seems that the MINLO HJJ
result gives a description of the total Higgs cross section that is very close to the one given
by the HJ POWHEG BOX generator. The latter, when improved with the MINLO prescription,
yields a cross section that is accurate at least at LO, according to the discussion given at
the beginning of Section 5. In the right panel of fig. 7 we show the differential jet rate for
the zero jet to one jet transition. Here again we see the MINLO prediction closely tracks the
result of the HJ POWHEG generator.

In fig. 8 the differential jet rate y12 is shown. For this distribution the MINLO result
and the standard NLO calculations are all predictive, showing reasonable agreement among
each other for moderately large merging scales. At small scales, the MINLO result is in better
agreement with the POWHEG BOX HJ code and shows a better scale stability. The standard
HJJ NLO results, by constrast, display unphysical behaviour under scale variation, especially
as far as the ˆHT scale choice is concerned.

In fig. 9 we show the transverse momentum of the leading jet in events with at least
two jets. All NLO calculations, MINLO-improved and those with conventional scale setting,
are again predictive for this distribution. Observe that in the case of the running scale
prediction (µR = µF =

ˆHT ) the central value is outside the MINLO error band. Using a
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the MINLO HJJ generator. The POWHEG BOX HJ generator was modified with the inclusion
of the MINLO method for the computation of the underlying Born kinematics. No standard
NLO Higgs plus two jets prediction is possible for this distribution, since it does not require
the presence of at least two jets. Thus, as previously discussed, we expect the MINLO result
to give a LO representation of the physical cross section. We can see that, in spite of this
the MINLO result is still remarkably close to the POWHEG BOX cross section. The agreement is
particularly impressive at very low transverse momentum, where it seems that the MINLO HJJ
result gives a description of the total Higgs cross section that is very close to the one given
by the HJ POWHEG BOX generator. The latter, when improved with the MINLO prescription,
yields a cross section that is accurate at least at LO, according to the discussion given at
the beginning of Section 5. In the right panel of fig. 7 we show the differential jet rate for
the zero jet to one jet transition. Here again we see the MINLO prediction closely tracks the
result of the HJ POWHEG generator.

In fig. 8 the differential jet rate y12 is shown. For this distribution the MINLO result
and the standard NLO calculations are all predictive, showing reasonable agreement among
each other for moderately large merging scales. At small scales, the MINLO result is in better
agreement with the POWHEG BOX HJ code and shows a better scale stability. The standard
HJJ NLO results, by constrast, display unphysical behaviour under scale variation, especially
as far as the ˆHT scale choice is concerned.

In fig. 9 we show the transverse momentum of the leading jet in events with at least
two jets. All NLO calculations, MINLO-improved and those with conventional scale setting,
are again predictive for this distribution. Observe that in the case of the running scale
prediction (µR = µF =

ˆHT ) the central value is outside the MINLO error band. Using a
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Case study: NLO Higgs + 2 jets

HJ  PWG    MiNLO Higgs + 1 jet feeding Powheg+Pythia
HJJ MINLO  MiNLO H+2 jets
As before conventional NLO returns nonsense towards low pT
HJJ MINLO follows MiNLO H+1 jet [w.shower] down to pT = 0
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HJJ FXD    NLO H+2 jets with μR = μF = MH

10−2

10−1

100

101

102

d
σ
/d

y 1
2
[p
b
/G

eV
]

R
at
io

0
0.5
1

1.5

0.5 1 1.5 2 2.5
y12

d
σ
/d

y 1
2
[p
b
/G

eV
]

R
at
io

HJ PWG
HJJ MINLO

HJJ RUN
HJJ FXD

0.5

1

1.5

R
a
ti
o

MINLO

0.5

1

1.5

R
a
ti
o

RUN

0.5

1

1.5

0.5 1 1.5 2 2.5

y12

R
a
ti
o

FXD
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ˆHT

(HJJ RUN), and HJJ with µF = µR = MH (HJJ FXD). To the right we show the ratio of each of
the NLO HJJ results with respect to the NLO HJ POWHEG simulation, with the band either side of
the central values indicating the combined renormalization and factorization scale uncertainty.
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Figure 9: As in fig. 8, for the transverse momentum of the leading jet in events with a Higgs boson
and at least two jets with pT > 20 GeV.

central value of ˆHT/2 would instead lead to much better agreement between the MINLO and
RUN results. Remarkably, it has become common in multijet NLO calculation to prefer
ˆHT/2 as central scale, because it seems to lead to an improved scale stability. The MINLO
result seems also to favour this choice. We also notice that the uncertainty band for the
MINLO result shrinks at high pT, while those of the NLO results using a more conventional
scale choice do not. It is tempting to interpret this result as being due to the fact that
the MINLO method yields smaller radiative corrections in the high pT region, on account
of its resummation of logarithms of the ratio of the widely different scales present in this
observable — the jet pT cut and pT of the first jet. On the other hand, we must remember
that the terms that are exponentiated in the Sudakov form factor are not subject to scale
variation in our present procedure. Thus, we believe that much more practice with MINLO
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the NLO HJJ results with respect to the NLO HJ POWHEG simulation, with the band either side of
the central values indicating the combined renormalization and factorization scale uncertainty.

10−3

10−2

10−1

d
σ
/d

p T
[p
b
/G

eV
]

R
at
io

pj

T
> 20 GeV, 2− jet inc

0
0.5
1

1.5

20 30 40 50 60 70 80 90 100
pj1

T [GeV]

d
σ
/d

p T
[p
b
/G

eV
]

R
at
io

pj

T
> 20 GeV, 2− jet inc

HJ PWG
HJJ MINLO

HJJ RUN
HJJ FXD

0.5
1

1.5

R
at
io

MINLO

0.5
1

1.5

R
at
io

RUN

0.5
1

1.5

20 30 40 50 60 70 80 90 100
p

j1
T [GeV]

R
at
io

FXD

Figure 9: As in fig. 8, for the transverse momentum of the leading jet in events with a Higgs boson
and at least two jets with pT > 20 GeV.

central value of ˆHT/2 would instead lead to much better agreement between the MINLO and
RUN results. Remarkably, it has become common in multijet NLO calculation to prefer
ˆHT/2 as central scale, because it seems to lead to an improved scale stability. The MINLO
result seems also to favour this choice. We also notice that the uncertainty band for the
MINLO result shrinks at high pT, while those of the NLO results using a more conventional
scale choice do not. It is tempting to interpret this result as being due to the fact that
the MINLO method yields smaller radiative corrections in the high pT region, on account
of its resummation of logarithms of the ratio of the widely different scales present in this
observable — the jet pT cut and pT of the first jet. On the other hand, we must remember
that the terms that are exponentiated in the Sudakov form factor are not subject to scale
variation in our present procedure. Thus, we believe that much more practice with MINLO
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Figure 8: The differential jet rate y12, defined as the value of the kT jet measure [14] for which
events with two resolved jets are clustered into 1-jet events. Results are computed with the POWHEG
BOX HJ generator (HJ PWG), the HJJ-MINLO result (HJJ MINLO), the HJJ with µF = µR =
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the NLO HJJ results with respect to the NLO HJ POWHEG simulation, with the band either side of
the central values indicating the combined renormalization and factorization scale uncertainty.
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Figure 9: As in fig. 8, for the transverse momentum of the leading jet in events with a Higgs boson
and at least two jets with pT > 20 GeV.

central value of ˆHT/2 would instead lead to much better agreement between the MINLO and
RUN results. Remarkably, it has become common in multijet NLO calculation to prefer
ˆHT/2 as central scale, because it seems to lead to an improved scale stability. The MINLO
result seems also to favour this choice. We also notice that the uncertainty band for the
MINLO result shrinks at high pT, while those of the NLO results using a more conventional
scale choice do not. It is tempting to interpret this result as being due to the fact that
the MINLO method yields smaller radiative corrections in the high pT region, on account
of its resummation of logarithms of the ratio of the widely different scales present in this
observable — the jet pT cut and pT of the first jet. On the other hand, we must remember
that the terms that are exponentiated in the Sudakov form factor are not subject to scale
variation in our present procedure. Thus, we believe that much more practice with MINLO
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Figure 8: The differential jet rate y12, defined as the value of the kT jet measure [14] for which
events with two resolved jets are clustered into 1-jet events. Results are computed with the POWHEG
BOX HJ generator (HJ PWG), the HJJ-MINLO result (HJJ MINLO), the HJJ with µF = µR =

ˆHT

(HJJ RUN), and HJJ with µF = µR = MH (HJJ FXD). To the right we show the ratio of each of
the NLO HJJ results with respect to the NLO HJ POWHEG simulation, with the band either side of
the central values indicating the combined renormalization and factorization scale uncertainty.
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Figure 9: As in fig. 8, for the transverse momentum of the leading jet in events with a Higgs boson
and at least two jets with pT > 20 GeV.

central value of ˆHT/2 would instead lead to much better agreement between the MINLO and
RUN results. Remarkably, it has become common in multijet NLO calculation to prefer
ˆHT/2 as central scale, because it seems to lead to an improved scale stability. The MINLO
result seems also to favour this choice. We also notice that the uncertainty band for the
MINLO result shrinks at high pT, while those of the NLO results using a more conventional
scale choice do not. It is tempting to interpret this result as being due to the fact that
the MINLO method yields smaller radiative corrections in the high pT region, on account
of its resummation of logarithms of the ratio of the widely different scales present in this
observable — the jet pT cut and pT of the first jet. On the other hand, we must remember
that the terms that are exponentiated in the Sudakov form factor are not subject to scale
variation in our present procedure. Thus, we believe that much more practice with MINLO
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central value of ˆHT/2 would instead lead to much better agreement between the MINLO and
RUN results. Remarkably, it has become common in multijet NLO calculation to prefer
ˆHT/2 as central scale, because it seems to lead to an improved scale stability. The MINLO
result seems also to favour this choice. We also notice that the uncertainty band for the
MINLO result shrinks at high pT, while those of the NLO results using a more conventional
scale choice do not. It is tempting to interpret this result as being due to the fact that
the MINLO method yields smaller radiative corrections in the high pT region, on account
of its resummation of logarithms of the ratio of the widely different scales present in this
observable — the jet pT cut and pT of the first jet. On the other hand, we must remember
that the terms that are exponentiated in the Sudakov form factor are not subject to scale
variation in our present procedure. Thus, we believe that much more practice with MINLO
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Figure 8: The differential jet rate y12, defined as the value of the kT jet measure [14] for which
events with two resolved jets are clustered into 1-jet events. Results are computed with the POWHEG
BOX HJ generator (HJ PWG), the HJJ-MINLO result (HJJ MINLO), the HJJ with µF = µR =

ˆHT

(HJJ RUN), and HJJ with µF = µR = MH (HJJ FXD). To the right we show the ratio of each of
the NLO HJJ results with respect to the NLO HJ POWHEG simulation, with the band either side of
the central values indicating the combined renormalization and factorization scale uncertainty.
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Figure 9: As in fig. 8, for the transverse momentum of the leading jet in events with a Higgs boson
and at least two jets with pT > 20 GeV.

central value of ˆHT/2 would instead lead to much better agreement between the MINLO and
RUN results. Remarkably, it has become common in multijet NLO calculation to prefer
ˆHT/2 as central scale, because it seems to lead to an improved scale stability. The MINLO
result seems also to favour this choice. We also notice that the uncertainty band for the
MINLO result shrinks at high pT, while those of the NLO results using a more conventional
scale choice do not. It is tempting to interpret this result as being due to the fact that
the MINLO method yields smaller radiative corrections in the high pT region, on account
of its resummation of logarithms of the ratio of the widely different scales present in this
observable — the jet pT cut and pT of the first jet. On the other hand, we must remember
that the terms that are exponentiated in the Sudakov form factor are not subject to scale
variation in our present procedure. Thus, we believe that much more practice with MINLO
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the central values indicating the combined renormalization and factorization scale uncertainty.
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central value of ˆHT/2 would instead lead to much better agreement between the MINLO and
RUN results. Remarkably, it has become common in multijet NLO calculation to prefer
ˆHT/2 as central scale, because it seems to lead to an improved scale stability. The MINLO
result seems also to favour this choice. We also notice that the uncertainty band for the
MINLO result shrinks at high pT, while those of the NLO results using a more conventional
scale choice do not. It is tempting to interpret this result as being due to the fact that
the MINLO method yields smaller radiative corrections in the high pT region, on account
of its resummation of logarithms of the ratio of the widely different scales present in this
observable — the jet pT cut and pT of the first jet. On the other hand, we must remember
that the terms that are exponentiated in the Sudakov form factor are not subject to scale
variation in our present procedure. Thus, we believe that much more practice with MINLO
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central value of ˆHT/2 would instead lead to much better agreement between the MINLO and
RUN results. Remarkably, it has become common in multijet NLO calculation to prefer
ˆHT/2 as central scale, because it seems to lead to an improved scale stability. The MINLO
result seems also to favour this choice. We also notice that the uncertainty band for the
MINLO result shrinks at high pT, while those of the NLO results using a more conventional
scale choice do not. It is tempting to interpret this result as being due to the fact that
the MINLO method yields smaller radiative corrections in the high pT region, on account
of its resummation of logarithms of the ratio of the widely different scales present in this
observable — the jet pT cut and pT of the first jet. On the other hand, we must remember
that the terms that are exponentiated in the Sudakov form factor are not subject to scale
variation in our present procedure. Thus, we believe that much more practice with MINLO

– 19 –

Case study: NLO Higgs + 2 jets

27Thursday, 31 January 13



MiNLO Mk2 3-slide scant explanation
LO dσ /dy dpT  x-sec of Boson+jet is O(αS)

It has a pT → 0 finite bit which naturally integrates 
to O(αS) over pT

It also has a pT → 0 singular bit

Now do MiNLO [“@LO”] i.e. multiply by a Sudakov and 
take scale in PDFs and αS to be pT
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If we multiply this cross section by a Sudakov form factor
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Integrating pT from 0 (� (0) = 0) to m (� (m) = 1) this gives the LO Boson rapidity
distribution

d�S
dy

= �̂0 fifj .

Now ask what if we had a Sudakov which did not include the B term? We could not
have formed the exact differential in d�S , and the B term present the initial d�S would be
left hanging around at the end
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p
↵S) .

Strictly speaking, for something to be LO accurate it should only be ambiguous up to terms
O (↵S), thus, without the B term LO accuracy is lost.

The message is that in order for the LO version of MiNLO applied to LO Boson+jet to
recover LO accuracy for inclusive Boson production observables, the Sudakov form factor
must contain the same Sudakov logs as the cross section which it multiplies, in this case A

and B terms.
It is the same message that makes NLO MiNLO applied to NLO Boson+jet return

NLO for inclusive Boson observables. Thus the (main) necessary extension of the MiNLO
procedure was the inclusion of the O (↵S) correction to the B term in the Sudakov form
factor: this is present in the NLO Boson+jet cross section, but had been neglected in the
Sudakov of the original MiNLO formulation.
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MiNLO Mk2 3-slide scant explanation
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1/pT2 factor promotes integral from O(αS) to O(√αS)
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By not having the B term in the Sudakov you get       
LO+O(√αS) : this is not LO accuracy, LO + O(αS) is.

Message : for LO B+jet to give LO B-incl. Sudakov 
exponent must have same fifj singularities as what it 
multiplies, or you get leftover Sudakov junk in B-incl.

Same thing holds at NLO level : mandates original MiNLO 
formulation be refined to include the NLO correction to 
the B term in the Sudakov.

In MiNLO B+jet, on pT integration, the Sudakov logs and 
PDF evoln terms disappear leaving behind NLO B

MiNLO Mk2 3-slide scant explanation
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MiNLO HJ band widens at pT ; approaching strong coupling
H band not realistic as pT→0 ; reflects tot. x-sec unc.
Difference in shape as pT→0 due to different Sudakovs: 
extra NNLL terms in MiNLO HJ, finite ones in Powheg H

Case study: NLO H vs MiNLO Mk2 HJHJ-MINLO-NEW
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• the scale uncertainty band of HJ-MINLO widens at small transverse momentum

– approaching of the strong coupling regime

– for pH
T < mH, the H result does not show a realistic scale uncertainty (S-type events)

• difference in shape in the very small transverse-momentum region, due to different NNLL

and non-singular contributions in the two Sudakov form factors.
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