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Sensitivity to sin²θW

� sin2 ⇥W = 0.0001
�AFB = AFB(sin2 ⇥W + � sin2 ⇥W )�AFB(sin2 ⇥W � � sin2 ⇥W )

the maximal sensitivity to sin²θeff   is observed in the Z resonance region
we need to predict AFB  having under control all the effects yielding δ AFB~ 1 x 10⁻⁴
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Updates on:

Prediction of AFB

      → breakdown of the NLO-EW

      → access to different subsets of O(α²) corrections

all preliminary (high statistics) results

analysis of the results very preliminary 
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Figure 1: Born diagrams for the qq̄ (a) and for the ⇥⇥ (b,c) subprocesses.

which is depicted in figure 1 (a). This process is a neutral current process and its amplitude,
neglecting the Higgs-boson contribution, is mediated by s-channel photon and Z-boson ex-
change. In the unitary gauge, the tree-level amplitude reads as

M0 = M� +MZ (2.1)

M� = � e2 QqQl
gµ⌅ � kµk⌅/s

s
[v̄(p2)⇥µu(p1)] [ū(p3)⇥⌅v(p4)]
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µ⇥5) u(p1)] [ū(p3) (vl ⇥⌅ + al⇥

⌅⇥5) v(p4)]
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where mZ is the Z-boson mass and �Z is the Z decay width, necessary to describe the Z

resonance region, s = (p1 + p2)2 is the squared partonic center-of-mass (c.m.) energy and
kµ = pµ

1 + pµ
2 , � = e2/(4⌅) is the fine structure constant, c⇥ ⇤ mW /mZ is the cosine of

the weak mixing angle. The vector and axial-vector couplings of the Z-boson to fermions
are vf = Tf � 2Qfs2

⇥ and af = �Tf where Tf = ±1/2 is the third component of the weak
isospin and Qf is the electric charge of the fermion f .

The subprocess ⇥(p1) ⇥(p2)⌅ l�(p3) l+(p4), which is depicted in figure 1 (b,c), is, at
lowest order, a pure QED reaction, whose di⇥erential cross section, in the partonic c.m.
frame and neglecting all fermion masses, reads as

d⇧̂��

d cos ⇤
=

2⌅�2

s

�
1 + cos2 ⇤

sin2 ⇤

⇥
(2.2)

2.2 The O(�) calculation

The complete O(�) EW corrections to the neutral current Drell-Yan process have already
been computed in refs. [12, 13]. We have repeated independently the calculation and
included in addition the photon-induced processes. We summarize here the main features
of our approach.

The O(�) corrections include the contribution of real and virtual corrections. The
virtual corrections follow from the perturbative expansion of the 2⌅ 2 scattering amplitude
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Figure 2: Some examples of one-loop virtual diagrams.

M = M0 +Mvirt
� + · · · and contribute, at O(�), with 2Re(Mvirt

� M⇥
0). The O(�) virtual

amplitude includes two contributions, namely the one-loop renormalization of the tree-
level amplitude and the virtual one-loop diagrams. The real corrections are due to the
emission of one extra real photon and represent the lowest order of the radiative process
q(p1)q̄(p2)⇤ l�(p3)l+(p4)⇥(k). They can be further divided into soft and hard corrections,
M1 = Msoft

1 +Mhard
1 . The former satisfies, by definition, the Born-like 2⇤ 2 kinematics

and can be factorized as |Msoft
1 |2 = ⇤SB|M0|2, where ⇤SB is a universal factor that depends

only on the properties of the external particles. The total cross section includes soft and
hard corrections and is independent of the cut-o� used to define the two energy regions.
Virtual and real soft corrections are separately divergent due to the emission of soft photons,
but the divergence cancels in the sum of the two contributions.

2.2.1 Virtual corrections

The O(�) virtual corrections to a 2⇤ 2 reaction include the contribution of counterterms,
self-energy, vertex and box corrections. Few diagrams representative of the di�erent kinds
of corrections are depicted in figure 2. The O(�) virtual corrections have been calculated
using the packages FeynArts and FormCalc [29, 30]. The numerical evaluation of the 1-loop
integrals has been done using the package LoopTools2 [30], based on the library ff [31].
We will write the 1-loop virtual amplitude as Mvirt

� = Mcts
� + Mself

� + Mvertex
� + Mbox

� ,
where Mcts

� includes all the counterterms and the wave function corrections on the external
legs, Mself

� describes the self-energy corrections to the photon and to the Z propagator and
the contribution due to the ⇥ � Z mixing and Mvertex,box

� describe respectively the vertex
and the box corrections. The mass of the fermions in the scalar 1-loop integrals regularizes
in a natural way the mass singularities due to the emission of a (virtual) collinear photon.
The infrared divergence of the integrals has been regularized by means of a small photon
mass ⌅.

– 5 –

O(α)  virtual:  photonic and purely weak
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Figure 1: Born diagrams for the qq̄ (a) and for the ⇥⇥ (b,c) subprocesses.

which is depicted in figure 1 (a). This process is a neutral current process and its amplitude,
neglecting the Higgs-boson contribution, is mediated by s-channel photon and Z-boson ex-
change. In the unitary gauge, the tree-level amplitude reads as

M0 = M� +MZ (2.1)
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where mZ is the Z-boson mass and �Z is the Z decay width, necessary to describe the Z

resonance region, s = (p1 + p2)2 is the squared partonic center-of-mass (c.m.) energy and
kµ = pµ

1 + pµ
2 , � = e2/(4⌅) is the fine structure constant, c⇥ ⇤ mW /mZ is the cosine of

the weak mixing angle. The vector and axial-vector couplings of the Z-boson to fermions
are vf = Tf � 2Qfs2

⇥ and af = �Tf where Tf = ±1/2 is the third component of the weak
isospin and Qf is the electric charge of the fermion f .

The subprocess ⇥(p1) ⇥(p2)⌅ l�(p3) l+(p4), which is depicted in figure 1 (b,c), is, at
lowest order, a pure QED reaction, whose di⇥erential cross section, in the partonic c.m.
frame and neglecting all fermion masses, reads as
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2.2 The O(�) calculation

The complete O(�) EW corrections to the neutral current Drell-Yan process have already
been computed in refs. [12, 13]. We have repeated independently the calculation and
included in addition the photon-induced processes. We summarize here the main features
of our approach.

The O(�) corrections include the contribution of real and virtual corrections. The
virtual corrections follow from the perturbative expansion of the 2⌅ 2 scattering amplitude
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Figure 3: O(�) bremsstrahlung diagrams.

use the routine hadr5n [33]. Because we include the photon vacuum polarization e⇤ects
in the lowest-order coupling, we have to subtract the O(�) expansion of e2(q2), to avoid a
double counting when we include the full set of O(�) corrections.

In the case ofMZ we can rewrite e2/(s2
⇥c

2
⇥) as g2/c2

⇥ and then use the relation, computed
up to O(�), of the weak coupling g with the Fermi constant and the W -boson mass

Gµ⌥
2

=
g2

8m2
W

(1 + �r) (2.7)

The quantity �r represents all the radiative corrections to the muon-decay amplitude [34].

2.2.2 Bremsstrahlung corrections

The real radiative corrections to the neutral current Drell-Yan process, described by the
amplitude M1, are given by all the Feynman diagrams (figure 3) with the emission of one
extra photon from all the electrically charged legs of the Born diagrams.

The probability amplitude has been calculated in the unitary gauge with massive
fermions. We integrate the squared matrix element over the whole photon phase space
and split the allowed photon energy range in two intervals, [⇤, �E] and [�E,Emax]. The
cut-o⇤ �E ⇥

⌥
s is chosen in such a way that the photon with smaller energy is considered

soft and does not modify the 2⇤ 2 kinematics of the Born amplitude. The small photon
mass ⇤ has been introduced to regularize the infrared divergence. In this energy region the
phase space integral, including the full angular integration, can be solved analytically. The
result can be expressed in a factorized form, as

⇥

�

d3k�

(2⌅)32E�
|M1|2 = |M0|2

�

f=q,q̄,l+l�

⇥SB(f, ⇤) (2.8)

where the soft Bremsstrahlung factor, see e.g. ref. [35], depends on the mass and electric
charge of the external radiating particles and the phase-space region ⇥ is defined by the
request that the photon energy E� satisfies ⇤ � E� � �E. We have explicitly checked
that the sum of the virtual and soft-real contributions is independent of the choice of the
photon mass ⇤, in the limit of small ⇤ values.

In the hard energy region the phase-space integration has been performed numerically,
with Monte Carlo techniques improved by importance sampling to take care of collinear
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O(α) real bremsstrahlung:
     FSR, ISR, IFI

O(α) photon induced
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Figure 4: Photon-induced process diagrams.

and infrared singularities, as well as the peaking behaviour around the Z resonance. The
sum of the soft and of the hard photon cross sections is independent of the cut-o⇤ ⇥E.
We have checked the independence of our numerical results from the choice of the infrared
separator ⌥ ⇤ ⇥E/E for 10�8 ⌅ ⌥ ⌅ 10�4.

2.2.3 Photon-induced processes

In ref. [27] it has been proposed a new parametrization of the partonic content of the
proton, which also includes a photon probability density. When using this set of pdf, the
inclusive cross section ⌃

�
pp
(�) ⇧ l+l� + X

⇥
receives contributions also from the partonic

subprocesses q(p1)⇥(p2) ⇧ l+(p3)l�(p4)q(k) (photon-induced), depicted in figure 4. The
latter are of the same perturbative order as the real bremsstrahlung corrections described
in the previous subsection, i.e. they are an O(�) correction to the Born process of eq. (2.1).
The squared amplitude of the photon-induced processes can be obtained by crossing sym-
metry from the real bremsstrahlung one, evaluating the latter with the exchange (p2 ⌃ �k)
and multiplying the result by a (�1) factor to account for the exchange of a fermionic line.

2.3 Higher-order electroweak e�ects

To incorporate higher-order EW corrections in a Born-like expression written with e⇤ective
couplings, we followed the approach of ref. [36], where the tree-level amplitude has been
improved and takes into account all the self-energy and vertex corrections. The latter have
been included by defining an e⇤ective overall coupling and an e⇤ective weak mixing angle.

The amplitude MZ becomes

MZ =
i8 Gµm2

Z 
2

⇧fi(q2)
1� ⇤⇧irr

JZ,qq̄ · JZ,l+l�

q2 �m2
Z + i�ZmZ

(2.9)

where the coupling vf of eq. (2.1) is replaced by ṽf = Tf � 2Qf⌅f (q2)s2
⇥. The definition

of the quantities ⇧fi, ⇤⇧irr, ⌅f (q2) can be found in ref. [36]. Eq. (2.9) incorporates also
higher-order e⇤ects beyond O(�), because of the resummation of ⇤⇧irr and of the fermionic
part of the Z self-energy contained in ⇧fi. Furthermore, ⇤⇧irr = ⇤⇧(1)

irr + ⇤⇧(2)
irr contains also

leading two-loop corrections. In the amplitude M� we replace the fine structure constant
with the running electromagnetic coupling according to eq. (2.6).
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 4

Partonic subprocesses contributing at O(α)
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The HORACE matching formulation

ΠS(Q2)FSV

∞
∑

n=0

dσ̂0

1

n!

n
∏

i=0

( α

2π
P (xi) I(ki) dxi d cos θi FH,i

)

dσ
∞

matched =

FSV = 1 +
dσ

α,ex
SV − dσ

α,PS
SV

dσ0

FH,i = 1 +
dσ

α,ex
H,i − dσ

α,PS
H,i

dσ
α,PS
H,i

The matched HORACE formula is based on the all-orders QED Parton Shower structure

The presence of the overall Sudakov form factor guarantees the “semi-classical” limit
The Sudakov form factor contains the (IR) LL virtual corrections

The exact O(α) accuracy is reached by adding
           finite (no IR-div) soft+virtual effect in the overall factor F_SV (e.g. input scheme terms)
           exact (vs. eikonal) hard matrix element effects to every photon emission  F_H,i

Higher-order contributions appear because of the factorised formulation
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Setup and naming conventions
PDF  sets       NNPDF31_nlo_as_0118
                     NNPDF31_nlo_as_0118_luxqed

μ = ŝ

Gmu scheme

complex pole MZ and MW values

mll > 50 GeV    ptlep > 25 GeV   |etalep| < 2.5

1)    LO               qqbar only        or       qqbar+γγ

2)    NLO-EW      qqbar only        or       qqbar+γγ

3)    matched NLO-EW with full QED-PS     (no γγ)

4)    O(α)  QED-FSR                                   (no γγ)

5)    exp QED FSR    (all orders)                  (no γγ)

Approximations under study
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AFB  distribution: QED-FSR,  NLO-EW,  NLO-EW matched with QED-PS
Combined effect at O(α) subleading of :    
           weak corrections
           QED-ISR
           QED-IFI
           subleading QED-FSR
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the matching between exact NLO-EW and the full QED-PS    modifies the the impact of
O(α) subleading corrections
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AFB  distribution: QED-FSR,  NLO-EW,  NLO-EW matched with QED-PS

Effect of : O(α²) and higher QED corrections
               from all charged legs
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higher order QED LL terms
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AFB  distribution: photon-induced contributions
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bulk of the contribution given by LO subprocesses
in the interval [80,100] GeV,  increasing AFB from 0 to 0.0005  
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Integrated asymmetries for benchmarking and comparison

LO NLO-EW NLO-EW matched
with QED-PS

O(α) QED FSR exp QED FSR

66 GeV < Mll < 116 GeV, ptlep > 25 GeV,  |etalep| <2.5

QED-PDF 0.018122(5) 0.011128(6)

no QED-PDF 0.017926(5) 0.010998(6) 0.01128(1) 0.01811(1)  0.018124(6)

80 GeV < Mll < 102 GeV, ptlep > 25 GeV,  |etalep| <2.5

QED-PDF 0.018944(5) 0.011965(6)

no QED-PDF 0.018732(5)  0.011831(6) 0.01224(1) 0.01910(2) 0.019100(6)
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Conclusions

�12

AFB exhibits a non trivial sensitivity to higher order EW corrections

matching NLO-EW results with QED PS  yields possibly sizeable effects

→ need systematic check of these preliminary results

→ POWHEG QCD+EW implements a different EW matching scheme

     a comparison of the matching effects would be important


