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Fragmentation in MCFM

At NLO, final state collinear is absorbed into Fragmentation function.  

MCFM has several fragmentation sets implemented: 

GdRG (LO and NLO expansions) 

BFG Sets I and II  

FIG. 1: Dependence of the NLO triphoton cross section on the parameter that controls the amount of
hadronic energy inside the isolation cone, ϵγ . Results are shown for the fractional and smooth cone isolation
procedures, using an isolation cone of size R0 = 0.4 (left) and R0 = 0.7 (right). Smooth cone predictions
correspond to the dashed line, while the solid line represents the LO GdRG prediction and the dotted lines
correspond to the BFG (magenta) and NLO GdRG (red) fragmentation sets.

4. COMPARISON BETWEEN ISOLATION PROCEDURES

4.1. Isolation effects in γγγ production

In this section we investigate the impact of the isolation prescription on predictions for triphoton
production. Specifically, we will compare predictions obtained using the fixed energy, fractional
energy and smooth cone isolation procedures that are defined by Eqs. (9), (10) and (11) respectively.
Throughout this paper we will use the customary choice n = 1 in Eq. (11). For the sake of this
comparison we compute NLO cross sections for the LHC operating at 14 TeV, using the default
MCFM electroweak parameters that correspond in particular to α = 1/132.338. We use the CT10
PDF set [42] and set the renormalization, factorization and fragmentation scales to be the invariant
mass of the photonic system µ = mγγγ . The final state is defined by a basic set of cuts on the
photons,

pγT > 30 GeV, |ηγ | < 2.5 , Rγγ > 0.4 . (12)

For the fixed and fractional energy isolation procedures, the calculation also depends on the choice
of fragmentation functions. We consider three such sets here. The first two sets, obtained by
Gehrmann-de-Ridder and Glover (GdRG) [17], correspond to strictly fixed-order extractions at
O(α) (LO) and O(ααs) (NLO). The final set (BFG) includes a resummation of O(αn

s log
n+1 µ2

F )
corrections and corresponds to set II of ref. [16].

In Fig. 1 we compare the NLO cross sections for fractional and smooth cone isolation as a function
of the parameter ϵγ that is common to both algorithms. We consider two different choices of
isolation cone size, R0 = 0.4 and R0 = 0.7. We first note that the LO prediction does not depend
on the isolation procedure and, using the appropriate LO PDF set (CTEQ6L1), the LO cross
section is 6.90 fb. Regardless of the form of isolation used in the NLO calculation, the correction
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π0 → γγ), whilst fragmentation photons are produced from the splitting of a QCD parton. Both of
these types of photons are typically accompanied by hadronic energy and thus can be suppressed
by the application of isolation cuts.

For this reason experimental analyses typically apply fairly strict isolation criteria to photon
candidates. The isolation region is defined by a cone of radius R0 =

!

∆φ2 +∆η2 around the
photon, where ∆φ and ∆η refer to the difference in azimuthal angle and pseudorapidity from the
photon respectively. One definition of the isolation requirement is to demand that the sum of the
hadronic energy in the transverse direction inside this cone is less than some fixed value Emax

T ,

"

had∈R0

Ehad
T < Emax

T . (9)

Throughout this paper, when such a cut is applied we will refer to the procedure as “fixed energy”
isolation. At the LHC, typical values for Emax

T range from 5–50 GeV.
An alternative strategy is to require that the total hadronic energy is less than some fixed

fraction of the photon transverse momentum ϵγ ,

"

had∈R0

Ehad
T < ϵγp

γ
T . (10)

This will be referred to as “fractional energy” isolation. For analyses involving energetic photons
such a prescription may be more desirable since high-pT photons can be accepted even if they are
accompanied by hadronic activity that exceeds a fixed threshold chosen for more typical, softer
photons.

Obtaining theoretical predictions for final states that include photons also requires particular
care. At LO a process involving a fixed number of photons and jets is rendered finite by the cuts
needed to define the final state objects, provided, for example, one defines a jet-photon separation
minimum. However, at NLO matters are complicated by the collinear singularity associated with
a quark-photon splitting. The singularity cannot be removed in a theoretically safe manner by
simply applying a parton-photon separation requirement, since this cut would remove a slice of
soft gluon phase space and spoil the cancellation of infrared singularities. In order to produce a
finite cross section one must absorb the collinear singularity into a fragmentation function, in an
analogous manner to the mass factorization of the initial state collinear singularities into the PDFs.
In order to estimate the non perturbative boundary conditions one must extract the fragmentation
function from a fit to data. We shall use fragmentation functions that have been obtained by fitting
data from the LEP experiments, that correspond to the results of Ref. [16] (“BFG”) and Ref. [17]
(“GdRG”).

An alternative procedure that does not require the introduction of fragmentation functions
is the isolation prescription of Frixione [18], often referred to as “smooth cone” isolation. This
requires that the hadronic energy in the vicinity of the photon satisfies the following condition,

"

had

Ehad
T θ(R−Rhad,γ) < ϵγp

γ
T

#

1− cosR

1− cosR0

$n

for all R ≤ R0 . (11)

Using this isolation prescription it is clear that the collinear pole is removed, but that arbitrarily
soft emissions are retained, thus preserving the required cancellation of singularities. Given its
simplicity this type of isolation is widely used in theoretical calculations. However, due to the
discrete nature of the calorimeter cells in experimental detectors, this type of isolation is difficult
to impose experimentally. Recently the possibility of combining the two approaches, by using a
series of staggered cones, has been studied in ref. [41].

5

π0 → γγ), whilst fragmentation photons are produced from the splitting of a QCD parton. Both of
these types of photons are typically accompanied by hadronic energy and thus can be suppressed
by the application of isolation cuts.

For this reason experimental analyses typically apply fairly strict isolation criteria to photon
candidates. The isolation region is defined by a cone of radius R0 =

!

∆φ2 +∆η2 around the
photon, where ∆φ and ∆η refer to the difference in azimuthal angle and pseudorapidity from the
photon respectively. One definition of the isolation requirement is to demand that the sum of the
hadronic energy in the transverse direction inside this cone is less than some fixed value Emax

T ,

"

had∈R0

Ehad
T < Emax

T . (9)

Throughout this paper, when such a cut is applied we will refer to the procedure as “fixed energy”
isolation. At the LHC, typical values for Emax

T range from 5–50 GeV.
An alternative strategy is to require that the total hadronic energy is less than some fixed

fraction of the photon transverse momentum ϵγ ,

"

had∈R0

Ehad
T < ϵγp

γ
T . (10)

This will be referred to as “fractional energy” isolation. For analyses involving energetic photons
such a prescription may be more desirable since high-pT photons can be accepted even if they are
accompanied by hadronic activity that exceeds a fixed threshold chosen for more typical, softer
photons.

Obtaining theoretical predictions for final states that include photons also requires particular
care. At LO a process involving a fixed number of photons and jets is rendered finite by the cuts
needed to define the final state objects, provided, for example, one defines a jet-photon separation
minimum. However, at NLO matters are complicated by the collinear singularity associated with
a quark-photon splitting. The singularity cannot be removed in a theoretically safe manner by
simply applying a parton-photon separation requirement, since this cut would remove a slice of
soft gluon phase space and spoil the cancellation of infrared singularities. In order to produce a
finite cross section one must absorb the collinear singularity into a fragmentation function, in an
analogous manner to the mass factorization of the initial state collinear singularities into the PDFs.
In order to estimate the non perturbative boundary conditions one must extract the fragmentation
function from a fit to data. We shall use fragmentation functions that have been obtained by fitting
data from the LEP experiments, that correspond to the results of Ref. [16] (“BFG”) and Ref. [17]
(“GdRG”).

An alternative procedure that does not require the introduction of fragmentation functions
is the isolation prescription of Frixione [18], often referred to as “smooth cone” isolation. This
requires that the hadronic energy in the vicinity of the photon satisfies the following condition,

"

had

Ehad
T θ(R−Rhad,γ) < ϵγp

γ
T

#

1− cosR

1− cosR0

$n

for all R ≤ R0 . (11)

Using this isolation prescription it is clear that the collinear pole is removed, but that arbitrarily
soft emissions are retained, thus preserving the required cancellation of singularities. Given its
simplicity this type of isolation is widely used in theoretical calculations. However, due to the
discrete nature of the calorimeter cells in experimental detectors, this type of isolation is difficult
to impose experimentally. Recently the possibility of combining the two approaches, by using a
series of staggered cones, has been studied in ref. [41].

5

Phase space cuts

Basic phase space selection cuts are applied

Smooth cone isolation is defined as, 

Fractional isolation is then defined as,  
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FIG. 1: Dependence of the NLO triphoton cross section on the parameter that controls the amount of
hadronic energy inside the isolation cone, ϵγ . Results are shown for the fractional and smooth cone isolation
procedures, using an isolation cone of size R0 = 0.4 (left) and R0 = 0.7 (right). Smooth cone predictions
correspond to the dashed line, while the solid line represents the LO GdRG prediction and the dotted lines
correspond to the BFG (magenta) and NLO GdRG (red) fragmentation sets.
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Triphotons

Should be “easily” measurable at the LHC, 

Differences in total rate are not large between LO frag and smooth cone, 

Larger differences noted if higher order sets are used in conjunction 
with NLO fixed order. 
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FIG. 2: Dependence of the NLO triphoton cross section on the parameter that controls the amount of
hadronic energy inside the isolation cone, ϵγ with harder selection requirements pγT > 50 GeV, and staggered
cuts pγT > 100, 50, 30 GeV. Results are shown for the fractional and smooth cone isolation procedures, using
an isolation cone of size R0 = 0.4 (left) and R0 = 0.7 (right).

In order to check the dependence of the isolation algorithms on the event selection cuts. we have
repeated this analysis using selection criteria with higher cuts on the photon transverse momenta.
Specifically, we modify the photon transverse momentum cuts of Eq. (12) as follows, with the other
cuts unchanged. In the first case we simply raise the cut uniformly and require pγT > 50 GeV. In
the second case we use a set of cuts with staggered thresholds, pγ1T > 100 GeV, pγ2T > 50 GeV and
pγ3T > 30 GeV where the photons are labelled according to pγ1T > pγ2T > pγ3T . Our results are shown
in Fig. 2. It is clear from comparing Figs. 1 and 2 that the overall structure of the results remains
the same. The smooth cone algorithm is in reasonable agreement with the fractional isolation
result using the LO GdRG fragmentation functions. There is particularly good agreement for the
smaller cone size of R0 = 0.4, whilst more significant differences are observed for the larger cone
choice and ϵγ > 0.5. As the photon transverse momentum cut is raised, the smooth cone results
depend less strongly on ϵγ than those including fragmentation. This is illustrated by the fact that,
for R0 = 0.4, the GdRG prediction is smaller than the smooth cone result for ϵγ < 0.5 but higher
for ϵγ > 0.5. The exact value of ϵγ for which the predictions intersect is of course dependent on
the phase space selection requirements. For example, for the loose cuts defined previously the
predictions intersected around ϵγ = 0.95 for R0 = 0.4, c.f. Fig. 1.

Finally we turn to the case of fixed energy isolation. In Table I we present results obtained using
this form of isolation and compare them to the cross sections obtained using fractional and smooth
cone isolation. Specifically, for fixed isolation with a maximum transverse energy Emax

T in Eq. (9),
we compare to fractional and smooth cone isolation with ϵγ = Emax

T /pγT,min in Eq. (10). When the
isolation is tight (E = 5 in Table I), the results obtained in the different cases are in very good
agreement, which is simply a reflection of the fact that most of the cross section is due to production
of photons near the minimum pT threshold. However, as the isolation requirement weakens, the
predictions begin to show bigger differences. Requiring a much looser criterion, E = 50, induces
differences of up to 10% for fractional and fixed isolation, with slightly smaller differences between
smooth cone and fixed isolation.
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Triphotons, different cuts

Harder cut (>50) do not seem to change the picture much. 
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R0 = 0.4 R0 = 0.7

min. pγT isolation E = 5 E = 25 E = 50 E = 5 E = 25 E = 50

30 GeV fixed, Emax
T = E [GeV] 16.86 17.56 19.45 14.16 16.00 18.61

fractional, ϵγ = E/30 16.96 18.76 21.15 14.43 17.48 20.51

smooth., ϵγ = E/30 17.58 19.00 20.15 14.58 16.37 17.60

50 GeV fixed, Emax
T = E [GeV] 3.26 3.37 3.60 2.76 3.04 3.39

fractional, ϵγ = E/50 3.28 3.50 3.86 2.83 3.23 3.68

smooth., ϵγ = E/50 3.32 3.51 3.65 2.77 3.04 3.22

TABLE I: Triphoton cross sections at the LHC (in femtobarns), computed using the fixed energy, fractional
energy and smooth cone forms of isolation prescription. The comparison uses the LO GdRG fragmentation
functions and is performed for two values of the photon pT cut.

FIG. 3: Dependence of the NLO γγ+jet cross section on the parameter that controls the amount of hadronic

energy inside the isolation cone, ϵγ . Results are shown for the fractional and smooth cone isolation proce-

dures, using an isolation cone of size R0 = 0.4 (left) and R0 = 0.7 (right).

4.2. Isolation effects in γγ+jet production

As already noted, it is interesting to compare the isolation effects in γγγ and γγ+jet processes. In
order to maximize the similarities with the triphoton results that have just been presented, for the
γγ+jet final state we adopt the same photon cuts as in Eq. (12) and tailor the jet cuts as follows.
Partons are clustered into jets using the anti-kT algorithm with D = 0.5 and are required to satisfy
the same rapidity requirement as the photons, i.e. |ηj | < 2.5. To obtain a finite cross section we
must impose a minimum jet-photon separation, Rγ,j . For this we use the same value as for the
isolation cone, namely Rγ,j = R0 = {0.4, 0.7}. The common scale choice, µ, that we have used for

these calculations is given by µ2 = m2
γγ +

!

(pjT )
2.

Results for the NLO cross section as a function of ϵγ for pjT , p
γ
T > 30 GeV are shown in Fig. 3, for

the two choices R0 = 0.4 and R0 = 0.7. The predictions for γγ+jet production are very similar to
the equivalent results obtained for the γγγ process (c.f. Fig. 1), suggesting that the dependence of
the cross section on ϵγ is not strongly influenced by the number of photons. Instead it is governed
by the kinematics of the underlying scattering.
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Diphoton + jet comparison 

Similar behavior noted in diphotons + jet process indicating that 2->3 
kinematics is more important than # of photons. 
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Figure 4: Dependence of the NLO cross section for different isolation criteria at 13 and 14 TeV. The plot on the left hand side
corresponds to a cone size of R0 > 0.4, whilst the plot on the right illustrates the dependence for the larger cone size choice of
R0 > 0.7.

requires that the hadronic energy in the vicinity of the photon satisfies the following requirement,

!

had

Ehad
T θ(R −Rhad,γ) < ϵγp

γ
T

"

1− cosR

1− cosR0

#n

∀ R ≤ R0 . (45)

In the above equation R0 and n are input parameters of the isolation. In our example we choose R0 democratically
for smooth cone and fractional isolation requirements and plot the resulting cross section as a function of ϵγ , treating
the parameter equivalently in both prescriptions. Our results illustrate that, over the range of ϵγ studied above, the
cross section obtained with the fractional isolation is broadly compatible with that obtained using the smooth cone
isolation. The largest deviations occur for large cone sizes R0 > 0.7 and loose isolation ϵγ = 1. The shapes of the
curves are insensitive to the choice of operating energies. Over the bulk of the range, the cross sections from the two
types of isolation lie within each other’s scale uncertainty, particularly if the central scale is varied by a factor of four
in each direction, resulting in an O(10%) band for each curve.
It is interesting to compare Fig. 4 with the similar results obtained for the triphoton (and γγ+jet) process presented

in Ref. [36]. The results of Ref. [36] showed similar results (at 14 TeV) for the differences between fractional and
smooth cone isolation. Ref. [36] also illustrated that the shape of the curves as a function of ϵγ were very similar for
the γγγ and γγ+jet final states. The latter observation indicates that the isolation dependence is more sensitive to
the underlying 2 → 4 kinematics of the real phase space than to the number of final state photons. Comparing the
results for triphotons with those for four photons presented here, we observe that the shapes of the two curves remain
broadly the same. Therefore it is tempting to suggest that the results used above can be used to estimate the choice
of smooth cone parameters in cases such as γγ + 2 jets, for which existing predictions do not include fragmentation.
We present differential distributions for the transverse momentum of the photons in Fig. 5. Specifically we investi-

gate the spectrum for each of the photons, ranging from the hardest (leftmost) to the softest (rightmost) panel in the
figure. Each of the distributions is plotted on the same axis to allow for easy comparison. The difference in spread of
the pT values for the four photons is clearly visible. The hardest photon spectrum peaks around 50 GeV and has a
significant tail. The softest distribution corresponds to a much narrower peak, with essentially all the cross section
residing in the bins < 50 GeV. This illustrates that even at Run II energies of 13 and 14 TeV, the available phase
space for multi-particle production is limited. On the other hand, events with four very hard photons (for instance
four photons with pT > 100 GeV) are extremely rare, and any excess of these events could be indicative of new
physics. Since the differential K-factor for the softest photon is relatively flat, it is unlikely that NNLO corrections
will induce a significant shape change. The hardest photon, however, has a more significant enhancement in the tail
at NLO and corresponds to the increase associated with events in which a hard photon recoils against a jet. These
results may help design the cuts that could be applied in future LHC analyses. One possibility is that requiring 4
photons with pT > 20 GeV results in contamination from reducible backgrounds, such as jets faking photons. These
backgrounds may be suppressed by requiring harder photons. The results of Fig. 5 illustrate that if one cuts at 40 –
50 GeV on the hardest (and possibly second hardest) photon, the cross section is not dramatically suppressed from
the democratic > 20 GeV cut case.

Four photon production 

Also four photons are similar too! Although much harder to measure! 


