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MCFM (mcfm.fnal.gov)
❖ MCFM 10.3 (January 30th, 2023) contains about 350 processes at hadron-colliders 

evaluated at NLO.

❖ We have tried to improve the documentation by giving a web-page and a specimen 
input file for every process.

❖ Since matrix elements are calculated using analytic formulae, one can expect better 
performance, in terms of stability and computer speed, than fully numerical codes.

❖ In addition MCFM contains many processes evaluated at NNLO using both the jetti-
ness and the  slicing schemes. Non-local slicing approaches for NNLO QCD in MCFM, Campbell, RKE and Seth 2202.07738

❖ NNLO results for , require process  at NLO, and two loop 
matrix elements for , (all provided by other authors).

❖ MCFM also includes transverse momentum resummation at N3LL+NNLO for 
W,Z,H,WW,ZZ,WH and ZH processes.

Fiducial qT resummation of color-singlet processes at N3LL+NNLO, CuTe-MCFM 2009.11437, Becher and Neumann
       Transverse momentum resummation at N3LL+NNLO for diboson processes,Campbell, RKE, Neumann and Seth, 2210.10724

qT

pp → X pp → X + 1 parton
pp → X
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Web-page for every process, 
with specimen input files.
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Example of Analytic loop amplitudes in MCFM
❖ Higgs boson plus four  partons at one 

loop.

❖ Used for the full NLO calculation of 
Higgs production with a jet.

❖ “Although the integration of the  
amplitudes, …,  is not time intensive, 
we preferred to use the analytic result ... 
which saved about a factor of a 100 in 
the integration time of the gluonic one-
loop  amplitudes.” Bonciani et al, 
2206.10490

2 → 3

2 → 3

pentagon coefficients is even easier than box coefficients, because we deal with a linear rather than a
quadratic equation. The full result for the Higgs + 5 gluon amplitude is given below in Eq. (4.4).

4 Results for Higgs + gluon amplitudes with all positive helicity gluons

4.1 n = 2

For the case n = 2 we have the well known result[26, 27]

A2(1
+
g , 2

+
g ;H) = 2m2 [1 2]

〈1 2〉

[

(4m2 −M2
h)C0(p1, p2;m) + 2

]

. (4.1)

For n = 2 the same helicity amplitudes are the only non-zero amplitudes. We follow the normal
notation for spinor products,[28] with 〈ij〉[ji] = sij where sij = p2ij = 2pi ·pj for the lightlike momenta
pi and pj . The C0 functions are the scalar triangle integrals, defined along with the box, pentagon
and hexagon integrals, D0, E0 and F0 in Eq. (A.2).

4.2 n = 3

For the case n = 3 the results for all helicities are given in ref. [29]. The result for all positive helicity
gluons is given by,

A3(1
+
g , 2

+
g , 3

+
g ;H) = m2

[{

4m2 −M2
h

〈1 2〉 〈2 3〉 〈3 1〉

[

−
1

2
s12s23D0(p1, p2, p3;m)

− (s12 + s13)C0(p1, p23;m)
]

− 2
s12 + s13

〈1 2〉 〈2 3〉 〈3 1〉

}

+

{

2 cyclic permutations

}]

. (4.2)

This result of ref. [29] has been confirmed in ref. [30] where it is presented in a notation similar to
the notation of the current paper. This result has been also obtained later by unitarity methods in
ref. [31].

4.3 n = 4

Analytical results for the full one-loop amplitude for Higgs + 4 gluons have been calculated for all
helicities by the authors of ref. [32] and are available in MCFM. However simple analytic results have
not been achieved. For the case n = 4 we find the simple expression,

A4(1
+
g , 2

+
g , 3

+
g , 4

+
g ;H) = m2

[{

4m2 −M2
h

〈1 2〉 〈2 3〉 〈3 4〉 〈4 1〉

[

− tr+{1 2 3 4}m
2E0(p1, p2, p3, p4;m)

+
1

2
((s12 + s13)(s24 + s34)− s14s23)D0(p1, p23, p4;m)

+
1

2
s12s23D0(p1, p2, p3;m)

+ (s12 + s13 + s14)C0(p1, p234;m)
]

+ 2
s12 + s13 + s14

〈1 2〉 〈2 3〉 〈3 4〉 〈4 1〉

}

+

{

3 cyclic permutations

}]

. (4.3)
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NNLO results
❖ In a recent paper 

(2202.07738) we tried to 
document all the processes 
calculated at NNLO.

❖ About 50% are available in 
MCFM.

❖ We use both  slicing and 
jettiness slicing.

❖ However I should note 
that in some cases N3LO is 
now the start of the art 
(e.g. 1811.07906 ,2102.07607 
2203.01565, 2209.06138)

qT
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NNLO results: dependence on slicing procedure
❖ For most (but not all) 

processes the power 
corrections are smaller 
for  slicing than for 
jettiness.

❖ Factor of two in the 
exponent difference 
between the leading 
form factors for  and 
jettiness

❖  removed by defining 
 and 

QT

qT

ϵT = qcut
T /Q

ϵτ = (τcut /Q)
1
2

2202.07738

Campbell et al,2202.07738
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Example of  resummation in four lepton events(ZZ)qT

❖ ATLAS TeV, 139fb-1 
data, 2103.01918

❖

❖  > 182 GeV to avoid Higgs 
region.

❖ Low  data, plotted as a 
function of 

❖ Agreement with data improves 
as  increases.

s = 13

J
H
E
P
0
3
(
2
0
2
3
)
0
8
0

cross-section [fb]
NNLO 37.8+0.5

−0.4 (scale)
N3LL+NNLO 36.0± 0.8 (scale)± 0.8 (match)
measurement 40.5± 0.7 (sta.)± 1.1 (sys.)± 0.7 (lum.)

Table 3. Comparison of total fiducial ZZ cross-section predictions at NNLO, N3LL+NNLO with
the CMS analysis combining measurements from 2016, 2017 and 2018 [25]. Fiducial cuts are as in
table 2.

lepton cuts q!1
T > 20GeV, q!2

T > 10GeV,
q

!3,4
T > 5GeV, qeT > 7GeV,
|ηµ| < 2.7, |ηe| < 2.47

lepton separation ∆R(", "′) > 0.05

Table 4. Setup for the ATLAS ZZ analysis at √
s = 13TeV presented in ref. [24].

measured by the ratio,
σ(4e) + σ(4µ) + σ(2e2µ)

σ(2e2µ) . (2.1)

In the absence of interference effects it would simply be equal to two. By explicit compu-
tation at LO and NLO we find that it is instead equal to 1.9 with this set of cuts and the
procedure of ref. [24] for assigning leptons to Z-boson candidates. We therefore account for
all combinations by applying this as an overall factor, thus correctly including interference
contributions up to NLO but approximating them at NNLO. This is expedient in order to
reduce the computational burden and, given that this ratio does not change from LO to
NLO and the NNLO corrections are small, we expect only per-mille level deviations in a
full calculation.

The ATLAS collaboration has performed measurements of the m4l distribution in five
slices of q4!

T in figure 15 of ref. [24]. We limit our comparison to the region m4! > 182GeV
to avoid the low invariant mass region populated by gg → H. Since we are resumming
logarithms log(m4!/q4!

T ) our expectation is that the resummation should improve the agree-
ment with data in the region of small q4!

T , in particular as m4! increases. We show results
at NNLO and N3LL+NNLO in figure 5 and indeed find this expectation to be correct. For
brevity we only show the comparison with the first slice q4!

T < 10GeV.

2.2 W±Z production

2.2.1 WZ production at √
s = 13.6TeV

We begin with predictions at 13.6TeV for run 3 of the LHC using CMS cuts as in table 5.
Figure 6 illustrates the impact that resummation has on the qT distribution. For the
purposes of illustration, qT is constructed from the full WZ four-vector, although of course
this is not a quantity that can be directly measured in experiment. Similar to the other
diboson processes, the resummation becomes essential below 50GeV to 100GeV.
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Transverse momentum resummation at N3LL+NNLO for diboson processes, Campbell, RKE, Neumann and Seth, 2210.10724
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Figure 5. The m4l distribution for q4!
T < 10GeV at NNLO and N3LL+NNLO compared with

ATLAS data from ref. [24].

A related quantity, which is often measured in experiment, is the transverse mass of
the WZ system, mWZ

T , which following ref. [19] is defined as,

(
mWZ

T
)2

=
( 3∑

!=1
p!
T + Emiss

T

)2

−




( 3∑

!=1
p!
x + Emiss

x

)2

+
( 3∑

!=1
p!
y + Emiss

y

)2

 . (2.2)

The predictions for this variable are shown in figure 7. At the current level of theory uncer-
tainties, resummation effects are relevant for transverse masses less than about 100GeV,
far below the peak region.

2.2.2 Comparison with CMS measurements
For W±Z production, we choose to focus on the CMS analysis of ref. [22]. The parameters
and cuts for this study are given in table 5. We slightly simplify the theoretical analysis
by computing the cross-section for different-flavor leptons only. The effect of interference
in same-flavor final states is measured by the ratio,

σ(3e) + σ(3µ) + σ(2e, µ) + σ(2µ, e)
σ(2e, µ) . (2.3)
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Jet veto cross sections

For initial studies see, for example, Becher et al, 1307.0025 ,  Stewart et al, 1307.1808
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New ingredients for jet-veto resummation

❖ Important step in making SCET 
results for almost complete 
N3LL available. For details of 
the missing piece, see later. 

❖ Jets vetoed over all rapidity, 
(which is not the case 
experimentally).

Beam functions
Abreu et al, 
2207.07037

Soft function
Abreu et al, 
2204.03987

9
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Jet veto cross section
❖ Jets defined using sequential 

recombination jet algorithms, (n=1(anti-
), n=0(Cambridge-Aachen) n=-1( );

❖ Jet vetos also generate large 
logarithms, as codified in 
factorization formula; however 
logarithms tend to be smaller than 
in transverse momentum 
resummation, since ;

❖ Beam and Soft functions for leading 
jet  recently calculated at two-
loop order using an exponential 
regulator by Abreu et al.

❖ Jet veto cross sections are simpler 
than the  resummed  calculation 
(No b space).

kT kT

pveto
T ∼ 25 GeV

pT

pT

dij = min(pn
Ti, pn

Tj)
Δy2

ij + Δϕ2
ij

R
, diB = pn

Ti

d2σ(pveto
T )

dM2dy
= σ0 CV(−M2, μ)

2

[ℬc(ξ1, M, pveto
T , R2, μ, ν) ℬc̄(ξ2, M, pveto

T , R2, μ, ν) × 𝒮(pveto
T , R2, μ, ν)]

ξ1,2 = (M/ s) e±y  σ0 =
4πα2

3NcM2s

Beam functions
Abreu et al, 
2207.07037

Soft function
Abreu et al, 
2204.03987

Rapidity 
regulator ν
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Refactorization

❖ Refactorize

❖ In terms of reduced beam function jet vetoed cross section is now given by,

❖

❖ The two pieces are separately RG invariant:   

and 

d2σ(pveto
T )

dQ2dy
=

dσ0

dQ2
H̄(Q, μ, pveto

T )B̄q(ξ1, pveto
T , R, μ) B̄q̄(ξ2, pveto

T , R, μ) + 𝒪(pveto
T /Q) ,

d
dμ

H̄(Q, μ, pveto
T ) = 𝒪(α3

s )
d

dμ
B̄q(ξ1, pveto

T , R, μ) B̄q̄(ξ2, pveto
T , R, μ) = 𝒪(α3

s )

[ℬq(ξ1, Q, pveto
T , R, μ, ν) ℬq̄(ξ2, Q, pveto

T , R, μ, ν)𝒮(pveto
T , R, μ, ν)]

= ( Q
pveto

T )
−2Fqq(pveto

T ,R,μ)

e2hF(pveto
T ,μ) B̄q(ξ1, pveto

T , R, μ) B̄q̄(ξ2, pveto
T , R, μ)

“Collinear 
anomaly”

“Collinear 
anomaly 

coefficient”
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Collinear Anomaly
❖ In SCET the beam functions and the soft function have light-cone 

divergences which are not regulated by dimensional regularization;

❖ These are not soft divergences; they are due to gluons at large rapidity;

❖ This requires an additional regulator, which can be removed at the end 
of the calculation;

❖ However a vestige of this regulator remains. The product of the two 
beam functions depends on the large scale of the problem,  ;

❖ This has been called the “collinear factorization anomaly” of SCET. 
Quantum effects modify a classical symmetry,  with 
only  unbroken.

Q

p → λp, p̄ = λ̄p̄
λλ̄ = 1

Becher, Neubert, 1007.4005
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Needed information at each logarithmic accuracy.
❖ Defining Hard function for qqbar 

initiated process.

❖

❖ we have RGE equations,

❖

❖

❖

❖

H̄(Q, μ, pveto
T ) = CV(−Q2, μ)

2
e2hF(pveto

T ,μ) ( Q
pveto

T )
−2Fqq(pveto

T ,R,μ)

d
d ln μ

CV(−Q2, μ) = [ΓF
cusp(μ) ln

−Q2

μ2
+ 2γq(μ)]CV(−Q2, μ)

d
d ln μ

Fqq(pveto
T , R, μ) = 2ΓF

cusp(μ)

d
d ln μ

hF(pveto
T , μ) = 2ΓF

cusp(μ) ln
μ

pveto
T

− 2γq(μ)

d
dμ

B̄q(ξ1, pveto
T , R, μ) B̄q̄(ξ2, pveto

T , R, μ) = 𝒪(α3
s )

Table 1: Counting of orders in the resummation, adapted from ref. [26]. The second column
indicates the nominal order when counting L? ⇠ 1/↵s. The third column states which
logarithms are included. The last three columns show the necessary additional anomalous
dimensions and hard function corrections in each successive order. The requisite anomalous
dimensions are provided in Appendix B.

Approximation Nominal order Accuracy ⇠ ↵n
sL

k

? �cusp �coll. H

LL ↵�1
s 2n � k � n+ 1 �0 tree tree

NLL+LO ↵0
s 2n � k � n �1, �0 tree

N2LL+NLO ↵1
s 2n � k � max(n� 1, 0) �2 �1 1-loop

N3LL +NNLO ↵2
s 2n � k � max(n� 2, 0) �3 �2 2-loop

In this equation CV is a matching coefficient whose square is the hard coefficient function that
corrects the lowest order cross-section, see Eq. (2.3). Bq and Bq̄ are the quark beam functions
which describe the emission of radiation collinear to the two beam directions in the presence of
a jet veto, and S describes the emission of soft radiation in the presence of a jet veto. The
quantity ⌫ is a supplementary scale necessitated by the rapidity divergences present in beam
and soft functions. The main process-independent ingredients are the beam and soft functions
for both incoming quarks and gluons which have been published recently at the two-loop level
[24, 25]. The hard function is process specific. We have used the existing two-loop fixed order
implementations in MCFM.

Overall the factorization theorem achieves a separation of scales. The hard function contains
logarithms of the ratio Q2/µ2, which can be minimized by setting µ2 = µ2

h
⇠ Q2. However,

inside the beam and soft functions, it is natural to choose µ = pveto
T

to avoid large logarithms.
The resummation of large logarithms is achieved by choosing µ ⇠ Q in the hard function and
evolving it down to the resummation scale µ ⇠ pveto

T
using the renormalization group (RG).

For the hard function the evolution is solved analytically, see Appendix E.

In RG-improved power counting the logarithms L? = 2 log(µh/pvetoT
), where µh is of order Q,

are assumed to be of order 1/↵s. With this definition the counting of powers of ↵s and of the
large logarithm L? is shown in Table 1. The non-logarithmic terms that the resummation
does not provide are easily accounted for by adding the matching corrections. The matching
corrections are a finite contribution and add the effect of fixed-order corrections while removing
the logarithmic overlap through a fixed-order expansion of the resummation.

2.0.1 Soft function

The jet veto soft function has been calculated using an exponential regulator [27] in Ref. [25].
The calculation is divided into the sum of the soft function for a reference observable and a
correction factor,

S(pvetoT , R, µ, ⌫) = S?(p
veto
T , µ, ⌫) +�S(pvetoT , R, µ, ⌫) . (2.4)

– 3 –

 The second column indicates the nominal 
order when counting . The third 

column states which logarithms are included. 
The last three columns show the necessary 

additional anomalous dimensions and hard 
function corrections in each successive order.

L⊥ ∼ 1/αs

13

L⊥ = 2 ln(μ/pveto
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Jet veto cross sections in a limited rapidity range
❖ Formula so far are valid for jet cross 

sections which are vetoed for all 
values of rapidity  

❖ Experimental analyses perform jet 
cuts for 

❖ In 1810.12911, three theoretical 
regions are identified

❖  (jet veto 
resummation as we are using it.)

❖  ( -dependent 
beam functions)

❖  (collinear non-
global logs)

ηcut

η < ηcut

ηcut ≫ ln(Q/pveto
T )

ηcut ∼ ln(Q/pveto
T ) ηcut

ηcut ≪ ln(Q/pveto
T )

0 1 2 3 4
0

20

40

60

80

0 1 2 3 4
0

20

40

60

80

Current theory 
calculation

Typical 
Experimental 

cuts

Strategy: determination where 
resummation is potentially 

important, before considering limited 
rapidity range resummation

Figure taken from 1810.12911
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Effects of rapidity cuts  at fixed order
❖ The usual jet veto 

resummation imposes no cut 
on the jet rapidity, unlike the 
experimental analysis.

❖ To apply the theory we need

❖ We can address the potential 
impact by looking at fixed 
order.

❖ More important for Higgs 
(and WW and ZZ) than for Z.

ηcut ≫ ln(Q/pveto
T )

Table 3: Jet rapidity cuts applied in the experimental studies examined later in this paper.

Process Ref. ycut

Higgs – no study
Z (CMS) [38] 2.4
W (ATLAS) [43] 4.4
WW (CMS) [39] 4.5
WZ (ATLAS) [44] 4.5
WZ (CMS) [45] 2.5
ZZ (CMS) – no study

(a) Z production following the setup of ref. [38]. (b) H production.

Figure 5: Effect of the jet rapidity cut at NNLO with pveto
T

= 30 GeV.

We estimate the practical impact of experimentally used jet rapidity cuts at fixed order.
Including the rapidity cut in the resummation requires large changes and ingredients, which
are also only available a low order so far [42].

The effect of the jet rapidity cut for the Z and Higgs production cases is illustrated in Fig. 5.
These calculations are performed at NNLO for pveto

T
= 30 GeV. The rapidity cut plays a bigger

role for Higgs production: for example for ycut = 2.5 the cross-section is 11% larger than
the result with no rapidity cut, compared to only 2% for Z production. This is due to the
larger logarithm (log(mH/pveto

T
)/ log(mZ/pvetoT

) ⇡ 1.28) and the larger color prefactor (CA/CF

= 2.25) in Higgs production. However, for ycut = 4.5 the effect of the rapidity cut is negligible
in both cases.

– 14 –
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Coefficient of Collinear Anomaly for  case qq̄

F(0)
qq = ΓF

0 L⊥ + dveto
1 (R, F)

F(1)
qq =

1
2

ΓF
0 β0L2

⊥ + ΓF
1 L⊥ + dveto

2 (R, F)

dveto
1 (R, F) = 0

dveto
2 (R, B) = dB

2 − 32CB f(R, B)

L⊥ = 2 ln
μ

pveto
T

f(R, B) = CB( −
π2R2

12
+

R4

16 )
+CA (cA

L ln R + cA
0 + cA

2 R2 + cA
4 R4 + …)

+TFnf (c f
L ln R + c f

0 + c f
2 R2 + c f

4 R4 + …) ,

Coefficients 
and  for ,  

see 1307.0025

cA
i

c f
i i < 10

  Fqq(pveto
T , μ) = aSF(0)

qq + a2
SF(1)

qq + a3
SF(2)

qq + … , aS =
αS

4π

F(2)
qq =

1
3

ΓF
0 β2

0 L3
⊥ +

1
2

(ΓF
0 β1 + 2ΓF

1 β0)L2
⊥ + (ΓF

2 + 2β0dveto
2 (R, F))L⊥ + dveto

3 (R, F)

dveto
3 ∼ − 8.3 × 64CB ln2(R /R0) + O(ln(R))

Log enhanced 
terms of , 
see 1511.02886

dveto
3

Full N LL will require 
knowledge of  

3

dveto
3 (R, F)
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Approximations to dveto
2

❖ Range of validity is 

❖ At too small  terms of order  
which are not covered by this 
factorization formula.

❖ At too large , factorization formula 
breaks down.

❖ Results are presented as power series 
in 

❖ At  logarithmic 
approximation is about 20% too low.

❖ Results should be valid in a range 
around the experimentally preferred 

pveto
T

Q
≪ R ≪ ln( Q

pveto
T

)
R lnn R

R

R

R ∼ 0.4

R ∼ 0.4 − 0.5
Rescaled  showing that limited number of terms 

in expansion is quite adequate for .
dveto

2
R < 1

17



Estimated dependence on approximate dveto
3

❖ Effect of  dependence in 
approximate form for 

❖

❖

❖ In this approximation,  gives 
an increase in the cross section.

❖ Estimate ~  at =25 
GeV and 

R0
dveto

3

dveto
3 ∼ − 8.3 × 64CB ln2(R/R0)

( mH

pveto
T

)
−2 αs(μ)

4π dveto
3

dveto
3

≤ 2.5 % pveto
T

R = 0.4
R0 = 2 R0 = 1 R0 =

1
2

Leading behavior derived from Banfi et al, 1511.02886

Suggestion is that error derived from 
1
2

< R0 < 2

18
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Reduced beam function kernels
❖  
❖

Īik(z, pveto
T , R, μ) = δik δ(1 − z) +

αs

4π
Ī(1)

ik (z, pveto
T , μ) + ( αs

4π )
2
Ī(2)

ik (z, pveto
T , R, μ) + O(α3

s )

Ī(2)
ik (z, pveto

T , R, μ) = [2P(1)
ij (x) ⊗ P(1)

jk (y) − β0P(1)
ik (z)]L2

⊥ + [− 4P(2)
ik (z) + β0R(1)

ik (z) − 2R(1)
ij (x) ⊗ P(1)

jk (y)]L⊥ + R(2)
ik (z, R)
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Phenomenological results in N3LLp


N3LLp N3LL with limited 
information on 

≡
dveto

3
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Comparison with JetVHeto
❖ Public codes implementing 

resummation at NNLL are 
JetVHeto and RadISH.

❖ We have compared unmatched 
resummation with  JetVHeto.

❖ MCFM agrees with JetVHeto, 
within errors

❖ N3LLp leads to considerable 
reduction in errors.

gg → H,  s = 13.6 TeV, µh = mH 2
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20 30 40 50
pt

veto [GeV]

σ
ve

to
 [p

b]

RadISH/JetVHeto/MCFM−RE NNLL

MCFM NNLL

MCFM N3LLp

qq → Z → e+e−, s = 13 TeV, µh = me+e−
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RadISH/JetVHeto/MCFM−RE NNLL

MCFM NNLL

MCFM N3LLp
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Error estimates
❖ Much discussion in the literature on the best method of error estimate, e.g. estimate error in 

jet-veto efficiency. The procedure we follow is:-

❖ For the resummation (fixed-order) parts we vary both the resummation (factorization) 
and hard (renormalization) scales by a factor of two about their central values, adding 
the excursions in quadrature to obtain the total scale uncertainty.

❖ For the resummation we re-introduce the rapidity scale, by writing the collinear 
anomaly factor as follows.

❖  For  the second factor can be expanded since it does not contain a large 
logarithm. We vary the rapidity scale  in the range [ ] for gluon-initiated 
processes and in the range [ ] for quark-initiated processes.

❖ The parameter  in  is varied between 0.5 and 2.

( Q
pveto

T )
−2Fii(pveto

T ,R,μ)

= (Q
ν )

−2Fii(pveto
T ,R,μ)

( ν
pveto

T )
−2Fii(pveto

T ,R,μ)

ν ∼ pveto
T

ν pveto
t /2, 2pveto

t
pveto

T /6, 6pveto
T

R0 dveto
3
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Jet veto in Higgs production
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One-step vs Two-step matching for Higgs production

❖ One step 
matching, power  
corrections in  retained 
but logarithms not resummed.

❖ Two step 
matching,           
logarithms  resummed.

mt /mh

mt /mh

Standard model 
nf=6

SCETμh

Ct(m2
t , q2, μ2

h)

Standard model 
nf=6

Standard model 
nf=5

SCETμt μh

Ct(m2
t , μ2

t ) CS(M2
h , μ2

h)

❖ Two step matching can restore most of the important mass effects by re-scaling the 
two-step result by the exact leading order result;

❖ With care, the two-step procedure gives a result that is only smaller than the one-
step result by about 1%.  

❖ Bigger differences can be found if higher order effects are not controlled.

1 + (a + b)αs ≠ (1 + aαs)(1 + bαs)

❖ One step procedure notes that 
 is not large in a logarithmic 

sense, .
ρ = (mh /mt)2 ≈ 1/2

αs ln(1/ρ) = 0.07
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Detailed assumptions for Higgs production

❖ At NNLL, the resummation of the  
terms enhances the cross-section by 
17%. However, at N3LLp accuracy, this 
resummation only leads to a small 
increase of 2% in the cross-section.

π2
❖ One-step scheme results in cross 

section which is only 1.6% larger at 
N3LLp

We use spacelike μh
We use one-step scheme
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Comparison of NNLO, N3LLp and N3LLp+NNLO predictions for 
Higgs production.

❖ After matching agreement 
between NNLO and N3LLp but 
with smaller errors for N3LLp

❖ Our estimate of uncertainty on 
partially known  contributes 
in a small way to the overall error 
budget.

dveto
3
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Jet-veto in Higgs production

❖ Uncertainties estimated by varying renormalization and factorization and 

rapidity scales by  and adding in quadrature;

❖ In the main the perturbative series is well-behaved at moderate R and 
successive orders lie with in the band of the preceding order with modestly 
decreasing uncertainty.

2,
1
2
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Jet veto in Z-production

❖ Time-like hard scale choice  
 can resum certain  

contributions using a complex 
strong coupling.

❖ After resummation the results 
do not depend strongly on the 
choice of hard scale; 

❖ The difference is 4% and 
NNLL and 1% at N3LLp.

❖ So we always will work with 
space-like scale choices in the 
following.

μ2
h = − q2 π2
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Jet veto in Z production
❖ At  all calculations agree 

within errors.

❖ However error estimates differ between 
NNLO and N LL +NNLO.

❖ For , 

❖ As expected at (unphysically) small  
resummed calculations show deviations 
from fixed order.

❖ Jet veto resummation probably not so 
necessary at , for W or Z 
production.

pveto
T ∼ 25 − 30

3

pveto
T = 30 GeV

(ln(Q/pveto
T = 1.1) ≪ (ηcut = 2.4)

pveto
T

pveto
T ∼ 30 GeV
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Jet veto in  productionW+W−

❖ Often performed to eliminate top 
background.

❖ Evidence that neither NNLO nor 
N LL is sufficient, especially 
around GeV

❖ R dependence is modest (zero at 
NLO!)

❖ , so we can argue that 

3

pveto
T = 25 − 30

|ηcut | < 4.5
(ln(Q/pveto

T ) = 1.3 − 2.2) ≪ 4.5
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W+W- production

❖ The effect of matching is substantial; fixed order only appropriate at the highest 

values of .

❖   variation, which estimates the contribution of , contributes in a small way 

to total error budget.

pveto
T

R0 dveto
3
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Jet veto in  production vs dataW+W−

❖ Errors improve going 
from N LL +NNLO to  
N LL+NNLO;

❖ Theoretical errors at      
N LL+NNLO smaller 
than experimental;

❖ CMS data taken from 
2009.00119
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 to
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2210.1072432

https://arxiv.org/abs/2009.00119
https://arxiv.org/abs/2210.10724


WZ production in ATLAS and CMS
❖ ATLAS: 36 fb-1 ,pT>25GeV,     |

y|<4.5, R=0.4.

❖ CMS: 137 fb-1,Neither NNLO nor 
N3LL+NNLO in good agreement. 

❖  =2.3 and =2.5, jet-
veto resummation with veto over 
all rapidities may not be 
appropriate.

❖ The limited rapidity range requires 
a more sophisticated theoretical 
treatment.

ln(Q/pveto
T ) ycut

qq' → W±Z, s = 13 TeV, CMS cuts, arXiv:2110.11231     

  166 ± 6 fb 128 ± 8 fb, ycut < ∞

120

140

160

180

CMS NLO NNLL NNLL+NLO NNLO N3LLp N3LL+NNLO

σ
ve

to
 [p

b]

qq' → W±Z, s = 13 TeV, ATLAS cuts, arXiv:1902.05759     

  31 ± 2.5 fb

29.7−1.3
+1.1 fb   

27

30

33

36

ATLAS NLO NNLL NNLL+NLO NNLO N3LLp N3LL+NNLO

σ
ve

to
 [p

b]

33



ZZ production
❖ No experimental 

measurements 
with jet-vetos.
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Conclusion
❖ We have presented resummed cross sections at N LL  +NNLO for all color 

singlet final state processes with a jet veto, , over all rapidities;

❖ We have compared our predictions with the available data;

❖ Resummation is essential for the description of  jet-vetoed cross sections in 
Higgs production and for vector boson pair production;

❖ Matching reduces the theoretical error (Higgs) and contributes significantly to 
full N LL  +NNLO results(W+W-);

❖ The fine-grained experimental study of vector boson pair processes where the 
resummation effects will be crucial is, in the main, still to come;

❖ Our work and the MCFM code can serve as a tool for testing and validating 
general purpose shower Monte Carlo programs.

3
p

pveto
T

3
p
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Backup
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Solution to RGE equations

❖ Traditional solution to the LL equation

❖ We can write solution in terms of running coupling

❖  

❖ We recover the double log, setting 

β(αS) = − k0α2
S and

1
r

= 1 − k0αS(Q)ln(Q/μ)

d
d ln μ

C(Q μ) = [Γcusp(μ) ln
Q2

μ2 ]C(Q μ)

C(Q, μ) = exp[2S(Q, μ)]C(Q, Q)
d

d ln μ
S(Q, μ) = − Γcusp(αS(μ))ln

μ
Q

S(Q, μ) = − ∫
μ

Q

dμ′￼

μ′￼
Γcusp(αS(μ′￼)) ln

μ′￼

Q

dαS

d ln μ
= β(αS)S(Q, μ) = − ∫

αS(μ)

αS(Q)
dα

Γcusp(α)
β(α) ∫

α

αS(Q)

dα′￼

β(α′￼)
,

S(Q, μ) →
Γ0

4πk2
0

1
αS(Q) ( r − r ln r − 1

r ) where r = αS(μ)/αS(Q)
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