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MCFM (Monte Carlo for FeMtobarn processes)

MCFM is a parton-level Monte Carlo program that computes hadron-
collider cross sections at NLO [Campbell, RKE, Williams]


Gives access to explicit final states, distributions.


Implements analytic results for matrix elements, so fast and 
numerically stable.


Flexible, freely distributed code, widely used in the community 


Theoretical predictions for more than 300 processes, (extensive use 
at Tevatron and LHC, (cited by > 650 experimental papers).


Significant role as a catalyst for other theoretical efforts.


Eight updates to the code in the last eight years.


OpenMP version of MCFM v7.0 in March 2015.
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MCFM and Open Multi-processing 

OpenMP offers standardized way of 
exploiting multi-threading.


e.g. standard option for gfortran and 
intel compilers.


Automatically uses all available 
threads


Non destructive of the single thread 
code, (compiler directives are 
interpreted as comments, if 
compiled without openMP flag).


Full statistics contributes to the 
adaptation of the VEGAS grid.


It is our intention that the only thing 
that user is aware of is code speed-
up. 3
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PP-> H(->bb)+ 2 jets @ NLO (140,000 events)

Processor:
Intel Psi 5110P
AMD 6128 HE
Intel Xeon X5650
Intel Core i7-4770

PP-> H(->bb)+ 2 jets @ NLO (140,000 events)

Speedup of 98x with 128 cores



Higgs constraints from gluon-gluon fusion
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pp→e-e+μ-μ+ in the standard model

Mishmash of orders in perturbation theory


Representative                                                        
diagrams are:-

(a) and (e), (b) and (d)                                                      
can interfere.

(b-d) interference                                                      
does not overwhelm (a-e).                                                                                                                                                                                                                
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(a) : g(−p1) + g(−p2) → H → e−(p3) + e+(p4) + µ−(p5) + µ+(p6) O(g2
se4)

(b) : q(−p1) + g(−p2) → H → e−(p3) + e+(p4) + µ−(p5) + µ+(p6) + q(p7) O(g3
se4)

(c) : q(−p1) + q̄(−p2) → e−(p3) + e+(p4) + µ−(p5) + µ+(p6) O(e4)

(d) : q(−p1) + g(−p2) → e−(p3) + e+(p4) + µ−(p5) + µ+(p6) + q(p7) O(gse4)

(e) : g(−p1) + g(−p2) → e−(p3) + e+(p4) + µ−(p5) + µ+(p6) O(g2
se4)

TABLE I: Partonic processes which contribute to the four charged-lepton final state. The second column
shows the order in which the strong coupling gS and the electric coupling, e in which the partonic process
first contributes. For the purposes of this counting we do not distinguish between the weak coupling gW and
electric coupling e and the Yukawa coupling gW mt/2/MW . In the cases where the initial and final states
are the same, interference needs to be taken into account.

Higgs to photons and gluons. This can then be used to constrain the total width given the form
of the total cross section formula.

Constraints on the Higgs width ∼ 10−100 ΓSM
H ≈ 100 MeV would represent a great success for

the LHC, since such widths are well below the detector resolution O(1) GeV. Until the beginning
of operation of a future lepton collider such measurements may be the most precise available.
Given its potential impact it is natural to investigate methods of pushing the limits down as far
as possible. One possible mechanism is to use event by event discriminants, such as the Matrix
Element Method [16]. These methods use full kinematic information to assign probabilistic weights
to events, and can be used to define powerful discriminants to separate signal and background
events. Such methods have been applied successfully in the on-shell region [? ], and therefore it
is natural to investigate the potential of the MEM to find off-shell Higgs events.

This paper proceeds as follows. In section 2 we collect the needed Higgs amplitudes for the
interference studies. In section 3 we discuss the calculation of the continuum amplitude. Full
details of the result of this one-loop calculation are given in Appendices B and C. In section 4 we
discuss the structure of the four-lepton interferences and identify the various components we will
study in this paper. In section 3.2 we present results for the calculation of the gg → 4ℓ continuum
amplitude including loops of massive fermions. Section ?? discusses the qg initiated interference
pieces. In section 5 we present a phenomenological study of both interferences and their impact
on Higgs width measurement, finally in section 7 we draw our conclusions.

2. GLUE-GLUE INITIATED AND QUARK GLUON INITIATED HIGGS AMPLITUDES

Partonic processes are given in Table I. Although the production of a Higgs boson through
gluon fusion via a heavy fermion loop is well known [17], for completeness we reproduce the results
here, to introduce our notation.

2.1. gg → H → 4ℓ

We begin by re-deriving the well-known gg initiated amplitudes, we extract color, couplings and
phases, leaving the following definition of our reduced amplitude,

A(1h1
g , 2h2

g , 3h3
e , 4h4

ē , 5h5
µ , 6h6

µ̄ ) =
i

16π2

δC1,C2

2
8e4g2

s A(1h1
g , 2h2

g , 3h3
e , 4h4

ē , 5h5
µ , 6h6

µ̄ ). (5)
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Higgs couplings and width
Off-shell tail is a valuable source of information about the Higgs 
production and decay couplings


Higgs cross section under the peak depends on ratio of couplings 
and width.


So measurements at the peak cannot untangle couplings and width.


Off-peak cross section is independent of the width, but still depends 
on           (modulo interference, see later).


Taking ratio 


Ratio depends linearly on the Higgs boson width, (but see later).
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ggF: The big picture @ 8TeV

Peak at Z mass due to 
singly resonant 
diagrams.


Interference is an 
important effect off-
resonance.


Destructive at large 
mass, as expected.


With the standard model 
width, ΓH , challenging 
to see enhancement/
deficit due to Higgs 
channel.

3 phenomena happening 
in the tail.
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x 30

CMS cuts

CMS PAS HIG-13-002



ggF: The big picture @ 13 TeV

σqqb (m4l=400)/σHgg (m4l=400) ≈ 18  at √s=13 TeV

 (c.f. ~30 at √s=8 TeV).

Higgs off-shell contribution is relatively bigger at higher energy.
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Criticisms of the CM method

The CM method relies on the assumption that the on-
shell (at m4l=125 GeV) and off-shell couplings (at 
m4l≈400 GeV) are the same.


K-factor of interference of background and signal only 
approximately known. 

We will therefore investigate the same method in VBF 
Higgs production which has a different theoretical 
“systematic”.

VBF starts at tree graph level.
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Every cloud has a silver lining.

In the standard model the off-shell 
Higgs cross section shows sensitivity 
to the top quark running in the loop.

Off shell cross section (similar to 
large pt cross section) provides a 
window on constituents (or effective 
operators) contributing to the Higgs 
production.


Constraint on dimension six 
operators with 3 ab-1
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Gluon-gluon fusion vs Vector boson fusion

   (pp → e-e+μ-μ+ ) vs  (pp→ jet+jet+e-e+μ-μ+ with VBF cuts)
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EW cross section for 
Higgs ~10% of gg 
fusion.

Higgs tail relatively 
more important in                           
pp → jet+jet+e-e+μ-μ+    

Different slope for VBF 
Higgs tail (E2 vs E). 




Diagrams for pp → jet+jet+e-e+μ-μ+ 
Off-shell behaviour for 
VBF, subject of much 
theoretical study.


Jet cuts


CMS lepton cuts


Additional VBF cuts
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Shorthand notation, WW,WZ,ZZ

Processes referred to as 
W-W+,W±W±,W±Z,ZZ

This is a short-hand for 
all doubly-resonant, 
singly-resonant and 
non-resonant 
contributions that lead 
to the same four lepton 
final state.

e.g. the doubly resonant 
processes are:-
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VBF cuts @ 13 TeV
Run II will give us access to VBF

For ZZ, VBF cuts reduce the strong O(𝛼4 𝛼s2) 
background, but  gq → gq e-e+μ-μ+ still significant.

This same statement holds for W+W-,W±Z
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Rates for signal and background
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W+W+

W+W+

Signal, O(α6)

Background, 
O(α4αs2)

Factor takes into 
account sum over 

e,μ and νe,νμ,ν𝝉

Ignore other sources of background, W+jet, QCD….. 

c.f. ttbar    
254 events



Most useful channel is W+W- vs W+W+

In the first instance, we work in the effective coupling framework, 
where standard couplings are rescaled by 𝜿V.


At√s=8TeV, SM prediction displays a dependence on 𝜿V


ATLAS on-shell signal-strength 


ATLAS W+W+ measurement 


Bound is             


Current notional width bound
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W+W-On-shell W+W+ Off-shell
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Limits from runs 2 and 3
Perform a simple analysis to 
determine optimal cut mcut to 
isolate the off-shell tail.


Define a statistical uncertainty 
𝛅=√N. What values of 𝛋v can 
be excluded at 95% c.l. by an 
observation of N+2𝛅 events?


In all cases ensure that cut 
corresponds to a SM 
prediction of at least 10 
events.


Only W+W+ provides a lower 
bound.
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For 100fb-1 at =440GeV we 
find 0.20< 𝛋v <1.45


For 300fb-1 the best lower limit 
corresponds to saturating the 
10 event limit at mcut=620GeV 
and we find 0.55< 𝛋v <1.3
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Suitability of effective operator formalism.
First consider interim framework with (same) rescaled SM Higgs 
couplings to W and Z


We now also consider a higher dimension operator formalism, e.g.


With operator we find Feynman rules 


To probe scales higher than 1TeV will require sensitivity to 𝜅V at the 
3% level.


Premature to consider operator formalism.
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With cut on invariant mass/transverse mass
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