PROCEEDINGS

OF SCIENCE

Recent developments in g7 subtraction: EW
corrections and power suppressed contributions

Luca Buonocore*

Dipartimento di Fisica, Universita di Napoli Federico Il and INFN, Sezione di Napoli, I-80126
Napoli, Italy, Physik Institut, Universitdt Ziirich, CH-8057 Ziirich, Switzerland

E-mail: 1uca.buonocore@na.infn.it

The g7 subtraction formalism represents a well established and successful technique to deal with
the computation of QCD radiative corrections up to NNLO (and beyond) for a large class of
processes relevant at the LHC. We have explored the possibility to apply gr subtraction to the
computation of EW corrections with the (final) aim to develop a subtraction formalism suitable for
the computation of mixed QCD-EW corrections. We present numerical results for the complete
NLO EW corrections to the Drell-Yan production of a massive lepton pair. Furthermore, we have
investigated the structure of the power suppressed contributions at small-g7 in this process and
we present new analytical results on the effects of the soft radiation emitted off a charged massive

final state.

14th International Symposium on Radiative Corrections (RADCOR2019)
9-13 September 2019

Palais des Papes, Avignon, France.

Based on arXiv:1911.10166

*Speaker.

© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). https://pos.sissa.it/


mailto:luca.buonocore@na.infn.it

Recent developments in qr subtraction Luca Buonocore

1. Introduction

The g7 subtraction formalism [1] is a method to handle and cancel the InfraRed (IR) diver-
gences associated to the computation of higher order QCD radiative corrections. It has been origi-
nally formulated to deal with the hadroproduction of color singlet systems and applied successfully
to a variety of such processes up to next-to-next-to the leading order (NNLO) (see Ref. [2] and ref-
erences therein). A first application to the approximate computation of N3LO corrections to Higgs
boson production through gluon fusion have been recently presented [3]. Thanks to the progress in
the formulation of transverse momentum resummation for heavy quark pair production [4-7], g7
subtraction has been recently extended to the computation of this process up to NNLO [8-10]. So
far the method has never been applied to the computation of electroweak (EW) corrections.

We recall the differential g7 subtraction formula for the inclusive reaction iy +hy — F + X, F
being either a color singlet system or a heavy-quark pair, in hadron-hadron collisions [1].

A N A Ftiet A F,CT
d6fvi0 = Ao @ d6To+ [dS)1% —aslisy | (1.1)

where d 65\;;% is the F+jet cross section at (N)LO accuracy. The square bracket term of Eq. (1.1) is
~F+jet

IR finite in the limit g7 — 0, but its individual contributions, d G( N)LO

cross section dé'g\’,)claw, are separately divergent. The IR counterterm is built by exploiting the

infrared behavior of the transverse-momentum distribution g7 of F' and, hence, by construction the

and the auxiliary subtraction

gr counterterm is non-local [1]
In practice, the integration is performed introducing a lower cut-off r., on the transverse
momentum of the produced system g7 divided by its mass M

I= / (dolg* —doT| = I(rw) = / (ol ~ao T @ (10— ru). (1.2)

Thanks to this slicing prescription, the integral is finite and the two contributions can then be
integrated separetely. They develop logarithmic singularities in 7.y, which globally cancel among
each other, plus spurius terms vanishing in the limit r.,; — 0. Hence, a residual r.,-dependence,
in the form of power suppressed terms (modulo logarithmic enhancements), is introduced in the
computation,

I(rew) =1+ 0(r,). (1.3)

The efficiency of the subtraction procedure crucially depends on the size of such power suppressed
contributions. For the inclusive color singlet production, the leading power suppressed contribution
has been investigated [11] and explicitly computed at NLO [12, 13], finding a quadratic behavior
(n = 2). The presence of fiducial cuts may worsen the r., dependence leading in some case to
a linear behavior [14]. In the case of heavy-quark production the r., dependence is found to be
linear [9, 10, 15], and it is an interesting question to investigate the origin of this peculiar behavior.
In this talk, we report our results on

o the first application of the g7 subtraction formalism to the computation of NLO EW correc-
tions. The formulation of the method for heavy-quark production can indeed be straightfor-
wardly extended to the computation of EW corrections to the Drell-Yan process by means of
a well-established abelianisation procedure. This is a first step towards the development of a
suitable subtraction scheme for mixed QCD-EW and NNLO EW corrections;
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e the analytical computation of the power suppressed terms to the gy subtraction fomula in
the presence of soft radiation off a massive final-state at NLO. We discuss a procedure to
incorporate fiducial cuts as well.

2. NLO EW corrections to the Drell-Yan process

2.1 Implementation

The structure of the subtraction has been derived exploiting the abelianisation procedure out-
lined in Ref. [16]. We have implemented our calculation as an extension of the numerical program
of Ref. [17]. All the required tree level matrix elements are computed analytically while the vir-
tual EW corrections for g7 — [1~, which include vertex and box diagrams, are obtained by using
GoOsAM [18, 19] . To set the notation, we denote with Ggg and GLyg the Born level cross sections in
the gg and yy channels, respectively. At NLO EW we have

ONLo = % + O)1 + AC,s + ACyy + AGy, 2.1)

where we have introduced the &'(a*) correction in the gg channel, Ao, the corresponding correc-
tion in the ¢(g)y channel, Aoy, and the correction in the yy channel, Acy,. Since the yy channel
provides only a very small contribution to the Drell-Yan cross section, Aoy, will be neglected in
the following discussion.

2.2 Numerical validation

To validate our implementation, we have repeated our calculation by using the dipole subtrac-
tion method [20] and the independent matrix-element generator RECOLA [21, 22] for the virtual
corrections.

We use the setup of Ref. [23], and, in particular, we work in the G, scheme 1 with

Gr = 1.16637 x 1075 GeV 2 (0) = 1/137.03599911 2.2)
my = 80.403 GeV myz =91.1876 GeV (2.3)
Ty = 2.141 GeV ', =2.4952 GeV (2.4)

and use the complex-mass scheme [24] throughout. Following Ref. [23], the MRST2004qed [25]
parton distribution functions (PDFs) are used. In order to avoid large logarithmic terms in the
lepton mass which may complicate the numerical convergence we set the mass of the final-state
lepton to m; = 10 GeV.

The following set of cuts are applied

my>50GeV  pr;>25GeV vl <2.5. (2.5)

We report our result in Table 1. The NLO correction Aoy is obtained performing the calcu-
lation at different values of r., and extrapolating to r¢y — O through a linear fit. Our results are
compared with the corresponding results obtained with dipole subtraction (CS+RECOLA). We see
that the two results are in perfect agreement.

"More precisely, real and virtual photons emissions are controlled by a(0), while the a? in the LO cross section is
derived from Gg, mz and my .
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qr + GoSam CS+RECOLA
o2 (pb) 683.53+0.03
Aoy (pb)  —5.920+£0.034  —5.919+0.008
o/? (pb) 1.1524 £0.0004

Ao,y (pb)  —0.6694 £0.0008  —0.6690 £ 0.0005

Table 1: Comparison of NLO EW corrections to the Drell-Yan process computed with g7 subtraction and
dipole subtraction. In the gg channel the g7 result is obtained with a linear extrapolation in the ¢, — 0 limit
(see Figure 1), while in the g(g)y channel it is obtained at r¢ye = 0.01%. The LO result in the gg and yy
channels is also reported for reference.

2.3 Dependence on 7y

We have varied r¢y in the range 0.01% < roye < 1% and we have used the r-independent
cross section computed with our inhouse implementation of the dipole subtraction method as nor-
malisation. The results for the r¢, dependent correction &,, = Ac/ O'ng in the ¢¢ and g¥ chan-
nels are shown in Figure 1. A distictive linear behavior in the dominant gg-annihilation channel
emerges. Nonetheless it is known that symmetric cuts on the transverse momenta of the final state
leptons challenge the convergence of gr-subtraction leading to a stronger dependence on ry; even
in the case in which a charge-neutral final state is produced [2, 14]. In Figure 2 we show the depen-
dence of the NLO corrections for the inclusive cross section on r¢,; when no cuts are applied. Again
a distinct linear behavior in the dominant gg-annihilation channel emerges, in agreement with what
has already been observed for the case of the tf cross section [9], which can be clearly interpreted
as a genuine new effect due to the emission of radiation off the massive final-state leptons.

8q/B¢s - 1 [%] qJ-channel 64,/0¢s-11[%] qY-channel
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Figure 1: NLO EW correction as a function of r¢y in the dominant gg diagonal channel (left panel) and in
the off-diagonal ¢(§)7y channel (right panel) at 14 TeV. The NLO result is normalised to the rqy-independent
cross section computed with dipole subtraction. The lepton mass is fixed to m; = 10GeV. The fiducial cuts
in Eq. (2.5) are applied.
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Figure 2: NLO EW correction as a function of r in the dominant gg diagonal channel (left panel) and in
the off-diagonal g(gG)y channel (right panel) at 14 TeV. The NLO result is normalised to the 7.y -independent
cross section computed with dipole subtraction. The lepton mass is fixed to m; = 10GeV. No cuts are applied.

2.4 Physical lepton masses

Before concluding this section, we briefly show that the method outlined above can be ef-
fectively employed for realistic phenomenological studies pushing the lepton mass to the physical
muon value.

Indeed, the lepton mass acts as a regulator of final state collinear divergences and within the
qr subtraction formalism it is required to be kept to a finite value. While there are not any is-
sues from the formal point of view, small values of the lepton mass may challenge the numerical
implementation spoiling the accuracy of the method.

We have repeated our calculation by setting the mass of the heavy lepton to the physical muon
mass m; = my = 105.658369MeV, using the setup and fiducial cuts as before. To have a fully
independent validation we have compared our results with those obtained with the well established
public generator SANC [26]. Our results are reported in Table 2, and show that the agreement is
quite good, at few per mille on the NLO correction.

qgr + GoSam SANC

AG;+AG,y (pb)  —29.95+0.04 —29.9940.02

Table 2: Tuned comparison for NLO EW corrections to the Drell-Yan process with m; = m, = 105.658369
MeV with the SANC generator. The g7 result is the limiting value for r.,; — 0 obtained with a linear fit for
the NLO correction in the diagonal gg-annihilation channel, and it is the value at r¢, = 0.01% for the off-
diagonal ¢(g)y channel.

3. Power corrections

We study the behavior of NLO inclusive cross sections computed with gr subtraction in the
reut — 0 limit with the aim to determine the structure of the leading power correction and the origin
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of the observed linear behavior. We focus on the production of a massive lepton pair in pure QED
in the diagonal channel

q(p1) +q(p2) = 1" (p3)l” (pa) + y(k) 3.1)

with p% = pﬁ = m?. In the following, we sketch the strategy of the computation and present the
main results. For further details we refer to [27].

3.1 Structure of the computation

The power suppressed terms arise by the integration of real emission cross section and the
counterterm, Eq. (1.2). Since we keep r¢ finite, we can consider their contributions separately.
The small-r.y; behavior of the counterterm is well understood [28] and leads to quadratic power
corrections. Therefore, we focus on the real emission cross section, which must be the source
of the observed linear behavior, and we further split it into three gauge-invariant contributions:
final-state radiation, initial-state radiation and their interference. The r; dependence of the total
partonic cross section can be recasted in the following formula

daqq 1 1 /‘Zmax Zmin / 2
=———> 1— dQ|.# 3.2)
dr(%ut 32 (27.[)4 Zmin (1 - Z)z - 4Zr§ut Z | |

where Q is the solid angle of the dilepton in the frame in which the the two leptons are back-to-back

4m2 > 2
Zmin = - Zmax = 1 = 2rcui\/ 1+ 15+ 205y, - 3.3)

The soft limit corresponds to z — 1. The presence of the cutoff prevents the upper integration to

and

reach the singular point. In the small-r.y, indeed, it behaves as zmax ~ 1 — 27y, and it is linear
with respect to reys.
Hence, our procedure consists in

1. integrating the matrix element over the angle dQ;

2. extracting the small r., behavior up to the desidered order by means of a uniform expansion
with respect to the z variable.

The integral in z is indeed curbersome to be computed analytically while, on the other hand, we do
not need to know the exact result for our purpose.

The interference contribution is odd under the exchange p3 <+ p4 and therefore vanishes after
angular integration. Therefore we focus on final- and initial-state only.

Eq. (3.2) contains already the main features relevant to understand the r., dependence. We
observe that both the upper integration limit zp,,x and the integrand function depend on 7. After
performing the angular integration, the matrix element leads to an analytic function of 2, (at fixed
z), while, regarded as function of z, it is divergent in the soft limit z — 1. The universal jacobian
square root factor in Eq. (3.2) is function of rgut and vanishes at z = zmax. As mentioned above, the
upper limit behaves linearly and one naively may expect that it would control the overall behavior
by power counting.

Our finding is that:
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. for final-state radiation, the angular average of the matrix element as function of z behaves as
= )2 in the soft limit, as dictated by the the universal eikonal approximation. This eventually
leads to a linear behavior in rqy.

o for initial-state radiation, the angular average of the matrix element as function of z is finite
in the soft limit. The vanishing of the jacobian factor on the upper limit changes the power

counting from linear to quadratic.

3.2 Results

We pass now to present the results obtained for the final- and initial-state contributions. Their
expressions are more coveniently written in terms of the variable § = {/1— 2=, the common

lepton velocity in the partonic center-of-mass frame. In the following, we denote w1th oo (s) the
Born cross section

2
auls) = 5 a2e2B(3~ B?) (3.4)

The 7. dependence of the partonic cross section is

o Final-state radiation

6y (53rcu) = za{ [ 1+B 1“ iig] In (r2u)
8|: - B B(3 ﬁz) 1I11B:|rcut}+0( cut)

= 81 p (53 Teur) + Onpp (85 Feut) + O(rdy)

where we have dropped terms which do not depend on 7. Eq. (3.5) shows that the next-to-
leading power contribution 6155}’(5; Feut) 18 linear in rey and it is responsible for the behavior
observed in Figure 2.

e [nitial-state radiation

A a 4 1-p? 1 1+B
cg(s;rcut)zﬁo(s)zﬂ {ln Feut 4(21112—3_1“ [32 T BG-pY) lnl_g>lnr§“t
2\(1 _ R2)2 2
A ()
= I{%(S; rcut)—l—(’\fI{ISLP(g I’Cm)—l- .......... (3.6)

where we have dropped terms which do not depend on r, and the dots stand for terms
that vanish faster than r2,, as r., — 0. As expected, the next-to-leading power contribution
GNLP(s; Feut) 18 quadratic in rey, modulo logarithmic enhancements.

4. Final-state radiation at next-to-leading power: beyond inclusive observables

The results presented in Sec.3.2 have been obtained for the most inclusive observable, the
total partonic cross section. This has been a crucial point in order to perform the computation
analytically. In what follows we outline a strategy to remove the final-state linear power suppressed
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contribution from the g7 subtration formula at NLO at differential level. Let us start from eq. (1.1)
at NLO
d6l0 = Hilyo ©d6fy+ d6[ —asiT | (QMT ~reu) @1

where we have written explicitly the r.,; constraint. Consider the following extension

16810 a0ty 40l — 61T 0 (4 ) + a6t~ 40T CE | © (- O1).
&%)
In the above formula, d 6; S’L ieot is the differential cross section associated to final-state radiation only
and d 6‘5 }SLTO is an arbitrary counterterm which cancels the corresponding final-state soft divergence,
so that their difference is finite. The new term lives in the unresolved region below rqy so that its
contribution is vanishing in the limit ro, — 0. Thus, the first observation is that Eq.(4.1) and
Eq.(4.2) differ only by power suppressed terms in ry, and therefore formally equivalent. The
second and key observation is that, if the new counterterm, as the standard g7 subtraction one, does
not introduce additional linear power corrections, then the subtraction formula in Eq (4.2) is free of
linear power suppressed terms. Indeed, the linear term arising from the real emission cross section
exactly cancels in the sum
[asfy* ~as G @ ("MT —reu) + |d6 15 — 46030 © (rew — QMT) =T+0(7%,). 43)
The above condition is fulfilled if the soft counterterm is built as the product of the eikonal ap-
proximation for the matrix element times the soft phase space. The third and last observation is
that if the soft subtraction is local, then it is effectively possible to perform the integration in the
unresolved region.

Therefore, to construct the additional soft counterterm we only need a soft mapping which
reabsorbs the radiation into a Born-like configuration. Among the available mappings at NLO, we
choose the mapping proposed in Ref. [29]. As in the standard FKS mapping [30], we identify an
emitter and a radiated parton. The radiation variables are given by the radiation energy fraction
& =2E;,q/+/s (s is the partonic CM energy), the cosine of the angle between the emitter and the
radiated partons y and an azimuthal angle ¢ (we refer to Ref. [29] for more details). The phase
space reads

Ay = dPg x J(E,y,0)dEdydd 4.4)

where d®p is the Born phase space element and the jacobian J is given in Eq. (49) of Ref. [29],
and reduces to J(©) = s& /(4m)? in the soft limit, which is what we actually need. Then, we define
the local soft counterterm as

2 2 2 2
es d& s—2m m m
d6$T = dépo(Pp) X ———Zdyd ¢ - -
g Ams & (1= Byphy) (14 Bypny) (1= Bypny)* (1 +Byphy)z4 5
where B = /1 —4m?/s and yphy is the cosine of the physical angle between the emitted photon
and the leptons in the Born configuration (in practice we have either yphy = y or ypny = —y [29]).

In Figure 3 we study the r¢y¢ dependence of the NLO EW correction to the complete Drell-Yan
process applying the “improved” g subtraction formula in Eq. (4.2). We consider pp collisions at
VS =7 TeV and we compute the r¢,; dependent correction &, (rcy¢) in the case in which no cuts
are applied (Figure 3 (left)) and when asymmetric cuts on the transverse momenta and rapidities
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Figure 3: NLO EW correction as a function of r¢y for the complete Drell-Yan process in the dominant
qq diagonal channel without cuts (left panel) and with asymmetric cuts (right panel) at 7 TeV. The standard
result obtained with g7 subtraction (grey band) is compared with the result obtained by including the power
suppressed contribution according to the modified subtraction formula in Eq. (4.2). The NLO result is
normalised to the r-independent cross section computed with dipole subtraction.

are applied: pr ;- > 25GeV, pr;+ >20GeV and |y;| < 2.5 (Figure 3 (right)). We see that in both
cases the linear dependence with rqy, is nicely cancelled?.

5. Conclusions

In this talk, we have presented the first application of the g7 subtraction formalism to the
computation of EW radiative corrections, namely the NLO EW corrections to the hadroproduction
of a massive dilepton system through the Drell-Yan mechanism. Our calculation paves the way to
possible applications to the computation of mixed QCD-EW corrections [16, 31-34] and to NNLO
QED corrections [16] to the Drell-Yan process.

We then have discussed the power suppressed terms in the r. regulator which affect the gr
subtraction formula when also the radiation off massive final state is taken into account. Special-
izing to the case of hadroproduction of a dilepton system, we have reported explicit analytical
expressions for the power corrections to the inclusive partonic cross section in the diagonal gg
channel, proving that final-state radiation is responsible for the change in the power correction
from quadratic to linear. We have presented a procedure to “improve” the NLO gy subtraction
formula removing the linear power corrections at fully differential level.
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