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Introdu
tion

Despite the fa
t that the Standard Model (SM) keeps for oneself the

status of 
onsistent and experimentally 
on�rmed theory, the sear
h

of New Physi
s (NP) manifestations is 
ontinued. The possible tra
es

of NP 
an be

the supersymmetry,

extra spatial dimensions,

extra neutral gauge bosons, et
.

One of powerful tool in the modern experiments at LHC from

this point of view is the investigation of Drell�Yan lepton-pair

produ
tion:,

pp → γ,Z → l+l−X (1)

at large invariant mass of lepton-pair: M ≥ 1 TeV.
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Drell-Yan pro
ess (1970, BNL)

�èñ. 1: Drell-Yan pro
ess with neutral 
urrent (γ/Z)

√
S is total energy in 
.m.s. of hadrons

M is dilepton l+l− invariant mass (l = e, µ)

y is dilepton rapidity
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Pioneer papers on RC to DY pro
ess

QED RC:

V. Mosolov,

N. Shumeiko,

Nu
l.Phys. B

186, 394 (1981);

A. Soroko,

N. Shumeiko,

Yad.Fiz 52, 514

(1990).

�èñ. 2: Íèêîëàé Ìàêñèìîâè÷ Øóìåéêî (1942�

2016) � áåëîðóññêèé �èçèê è îðãàíèçàòîð íàóêè.
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Pioneer papers on EWK and QCD RC to DY pro
ess

EWK RC:

U. Baur, et al. (ZGRAD), Phys.Rev.D 65: 033007, (2002).

QCD NLO RC:

H. Baer, et al., Phys.Rev.D 40, 2844 (1989); Phys.Rev.D 42,

61 (1990).

QCD NNLO RC:

R. Hambert, W.L. van Neerven, T. Matsuura, Nu
l.Phys.B

359, 343 (1991).
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Modern 
odes for NLO and NNLO RC for DY pro
ess at

hadroni
 
olliders (in the ABC order)

DYNNLO (S. Catani, L. Cieri, G. Ferrera et. al)

FEWZ (R. Gavin, Y. Li, F. Petriello, S. Qua
kenbush)

HORACE (C.Carloni Calame, G.Montagna, O.Ni
rosini et. al)

LPPG and READY (E. Dydyshka and V. Zykunov, RDMS CMS)

MC�NLO (S. Frixione, F. Stoe
kli, P. Torrielli et. al)

PHOTOS (N. Davidson, T. Przedzinski, Z. Was et al.)

POWHEG (L. Barze, G. Montagna, P. Nason et. al)

RADY (S. Dittmaier, A. Huss, C. S
hwinn et. al)

SANC (Dubna group: A.Andonov, A.Arbuzov, D.Bardin et.al)

WINHAC (W. Pla
zek, S. Jada
h, M.W. Krasny et. al)

WZGRAD (U. Baur, W. Hollik, D. Wa
keroth et al.)

V.A. Zykunov NLO and FSR NNLO radiative 
orre
tions for Drell�Yan pro
esses at LHC



Current experimental situation at CMS LHC

The measured Drell�Yan 
ross se
tions and forward-ba
kward

asymmetries are 
onsistent with the SM predi
tions at√
S = 8 TeV (19.7 fb

−1
) for M≤2 TeV,

√
S = 13 TeV (85 fb

−1
) for M≤3 TeV

di�erential

dσ
dM


ross se
tions,

double-di�erential

d2σ
dMdy


ross se
tions,

AFB asymmetries.

The latest published results 
an be found in

CMS PAS-SMP-16-009, CMS PAS-SMP-17-001

(PAS = Physi
s Analysis Summaries)

NNLO RC are taken into a

ount by using of FEWZ 3.1

NNLO PDFs are CT10 NNLO and NNPDF2.1.
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Mathemati
al Content

At the edges of kinemati
al region (extra large

√
S, M) the important

task is make the 
orre
tion pro
edure of ba
kground both a

urate

and fast. For the latter it is desirable to obtain the set of 
ompa
t

formulas for the EWK and QCD RC.

To get leading e�e
t of Weak RC in the region of large invariant

dilepton mass we used the Sudakov Logarithms (SL):

li,x = ln
m2

i

|x| (i = Z,W; x = s, t,u), (2)

V. Sudakov, Sov. Phys. JETP 3, 65 (1956).

Collinear Logarithms (CL) play leading role in QED RC and QCD

RC

ln
m2

f

|x| (f = e, µ,q; x = s, t,u). (3)
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Notations and Born amplitude

�èñ. 3: The lowest order graph giving 
ontribution to the DY

s
attering at parton level

The standard set of Mandelstam invariants for the partoni
 elasti


s
attering:

s = (p1 + p2)
2, t = (p1 − k1)

2, u = (k1 − p2)
2. (4)
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Common 
onvolution formula for Born and V-
ontribution

σHV =
1

3

∫

d3Γ
∑

q=u,d,s,c,b

θKθMθD[f
A
q (x1,Q

2)fBq̄ (x2,Q
2)σqq̄V (t) +

+fAq̄ (x1,Q
2)fBq (x2,Q

2)σq̄qV (t)],

∫

d3Γ[...] =

1
∫

0

dx1

1
∫

0

dx2

0
∫

−S

dt[...],

where V = {0,BSE, LV, HV,b, �n}, b = {γγ, γZ,ZZ,WW},
θK = θ(s+ t), θM, θD are kinemati
al fa
tors,

M =
√

(k1 + k2)2 is the invariant dilepton mass.

The propagator for j-boson depends on its mass and width:

Djs =
1

s−m2
j + imjΓj

. (5)
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Born 
ross se
tion and 
oupling 
onstants

Born 
ross se
tion looks like

σqq̄0 =
2πα2

s2

∑

i,j=γ,Z

DiDj∗(bi,j+t
2 + b

i,j
−u

2), (6)

where

b
n,k
±

= λq
n,k
+ λl

n,k
+ ± λq

n,k
−
λl

n,k
−
, (7)

λf
i,j
+ = vifv

j
f + aifa

j
f , λf

i,j
−
= vifa

j
f + aifv

j
f , (8)

v
γ
f = −Qf , a

γ
f = 0, vZf =

I3f − 2s2WQf

2sWcW
, aZf =

I3f
2sWcW

. (9)

The Feynman rules from paperM. B�ohm, H. Spiesberger, W. Hollik,

Fors
hr.Phys. 34 (1986) 687�751 were used.
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Main features of QCD RC and EWK RC 
al
ulation

the t'Hooft�Feynman gauge,

on-mass renormalization s
heme (α,αs,mW,mZ,mH and the

fermion masses as independent parameters),

ultrarelativisti
 limit.

QCD result 
an be obtained from QED 
ase by substitution:

Q2
qα→

N2−1
∑

a=1

tataαs =
N2 − 1

2N
Iαs →

4

3
αs, (10)

here 2ta � Gell-Man matri
es, N = 3.
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EWK Boson Self Energies

�èñ. 4: γγ-, γZ - and ZZ -Self Energy diagrams

σqq̄BSE = −4α2π

s2

[

∑

i,j=γ,Z

ΠiDiDj∗
∑

χ=+,−

λq
i,j
χ λl

i,j
χ (t

2 + χu2) +

+ΠγZDZ
∑

i=γ,Z

Dj∗
∑

χ=+,−

(λq
γ,j
χ λl

Z,j
χ + λq

Z,j
χ λl

γ,j
χ )(t2 + χu2)

]

is 
onne
ted with the renormalized γ�, Z� and γZ�self energies as

Πγ =
Σ̂γ

s
, ΠZ =

Σ̂Z

s−m2
Z

, ΠγZ =
Σ̂γZ

s
.
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Light and Heavy Verti
es (EWK RC)

�èñ. 5: Feynman graphs for Verti
es diagrams. Unsigned helix lines

mean γ or Z .
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EW Form Fa
tors

The results are presented as the Form Fa
tor set to the Born

verti
es (as, for example, in M. B�ohm et al., Forts
hr. Phys. 34,

687 (1986), so we 
an easily use they to 
onstru
t the 
ross se
tion:

all that we need is to repla
e the 
oupling 
onstants in Born vertex

to the 
orresponding form fa
tors:

v
j
f → δFjf

V, a
j
f → δFjf

A. (11)

Ele
troweak form fa
tors δFif
V,A in ultrarelativisti
 limit depend on

the Sudakov logarithms by means of fun
tions Λ2,3(mi) as:

Λ2(mi) =
π2

3
− 7

2
−3li,s−l2i,s, Λ3(mi) =

5

6
−1

3
li,s. (12)

Then Ver={HV, LV} 
ontribution to 
ross se
tion looks like

σqq̄Ver =
4πα2

s2
Re

∑

i,j=γ,Z

DiDj∗
∑

χ=+,−

(λFq
i,j

χ
λl

i,j
χ + λq

i,j
χλ

F
l

i,j

χ )(t
2 + χu2).
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EWK Light and Heavy Boxes

�èñ. 6: Feynman graphs for Boxes

The 
al
ulation of two heavy boson 
ontribution is more 
ompli
ate

pro
edure sin
e it demands the integration of 4-point fun
tions with


omplex masses in unlimited from above kinemati
al region of in-

variants (see pioneer paper: G.'t Hooft and M. Veltman, Nu
l.

Phys. B 153, 365 (1979)).
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Asymptoti
 Approa
h. Equivalent Transformation

First of all we 
onstru
t the box 
ross se
tion for qq̄ → l+l− using

the standard Feynman rules:

dσZZ = −4α3

πs
dΓ2Re

i

(2π)2

∫

d4k
∑

k=γ,Z

Dks∗(DZZ + CZZ),

here DZZ(CZZ) is 
ontribution of dire
t (
rossed) diagram.

To extra
t the part of 
ross se
tion whi
h predominates in region

s, |t|, |u| ≫ m2
Z we should make equivalent transformation based

on the 
lose 
onne
tion of infrared divergen
y and SL terms:

DZZ = (DZZ
k→0 +DZZ

k→q) + (DZZ −DZZ
k→0 −DZZ

k→q) = DZZ
1 +DZZ

2 .
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Asymptoti
 Approa
h. Integration

Integrating over k and retaining the terms whi
h are proportional

to the se
ond (∼ l2i ,x), �rst (∼ l1i ,x) and zero (∼ l0i ,x) power of

Sudakov logarithms we get the asymptoti
 expressions.

Using t'Hooft and Veltman'1979 method:

i

(2π)2

∫

d4kDZZ
1 ≈ −2

s
(bZZ,k+ t2 + b

ZZ,k
− u2)(

π2

3
+

1

2
l2Z,t).

Using Kahane'1964 method:

i

(2π)2

∫

d4kDZZ
2 ≈ b

ZZ,k
− u ln

s

|t|+(bZZ,k−

t2 + u2

2s
+b

ZZ,k
+

t2

s
) ln2

s

|t| .
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γZ , ZZ -boxes vs. WW -box

To obtain the WW -box 
ontribution one should:

1

to do the trivial substitution Z → W,

2

to take into 
onsideration the 
harge 
onservation law (some

parton WW -box diagrams are forbidden).

The se
ond feature of WW -boxes explains the fa
t of domination

of WW -box in 
omparison with ZZ (and γZ )-boxes.
The ZZ , γZ -
ontributions are proportional to di�eren
e

l2Z,t − l2Z,u = ln
u

t
(l1Z,t + l1Z,u), (13)

whereas the WW �box does not 
ontain the di�eren
e (13) and are

proportional to l2W,x.
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Photon/gluon bremsstrahlung

�èñ. 7: γ bremsstrahlung diagrams. Unsigned helix lines � γ or Z .

�èñ. 8: Gluon bremsstrahlung diagrams.
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Inverse gluon bremsstrahlung

�èñ. 9: Inverse gluon bremsstrahlung diagrams
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Phase spa
e via 4 invariants (M-method)

Phase spa
e looks like

I6Ω[A] =

1
∫

0

dx1

1
∫

0

dx2
4s

π2

∫

dΦ θRMθ
R
D A,

with phase spa
e of 3-parti
le �nal state

∫

dΦ =
π

4s

∫∫

Ω

∫∫

dtdvdzdu1
1

π
√

Ru1

with Gram determinant Ru1 , radiative invariants based on 4-momenta

of real photon/gluon, p:

z1 = 2p1p, u1 = 2p2p, z = 2k1p, v = 2k2p.

For numeri
al integration we used Monte Carlo routine based on the

VEGAS algorithm: G. Peter Lepage'1978.
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Phase spa
e in new G/N-method

�èñ. 10: 3-ve
tors of �nal state in


.m.s. of quarks

It is suitible to use


.m.s. of quarks,

reverse ve
tor

~p5 = −~p

with

θp = π−θ5, ϕp = π+ϕ5.

∫

dΦ... =

Ω
∫

ω

p0dp0

1
∫

−1

d cos θ

1
∫

−1

d cos θp

2π
∫

0

dϕp
π|~k1|...

4k20KA(k10)
.
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Some detailes of G/N-method

Fa
tor in phase spa
e is

KA(x) = 1+
x(1− p0A/

√
x2 −m2)

√

x2 − 2p0A
√
x2 −m2 + p20

,

with A � 
osine between

~k1 and

~p5:

A = sin θ sin θ5 cosϕ5 + cos θ cos θ5.

Lepton energy depends on sign of A:

k10 =
BC±

√

C2 +m2(1− B2)

1− B2
, (14)

where

B =

√
s− p0

Ap0
, C =

(2p0 −
√
s)
√
s

2Ap0
. (15)
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One usefull possibility of G/N-method

Using G/N-metod we 
an 
ombain soft and hard photon/gluon parts

to avoid of ω-dependan
e:

soft+ hard =

ω
∫

λ

dp0...+

Ω
∫

ω

dp0... =

Ω
∫

λ

dp0... .
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Treatment with Soft photon/gluon part

Fin-part (sum of Virtual and Soft photon/gluon part)

σqq̄
fin,EWK

=
α

π
δEWK σqq̄0 , σqq̄

fin,QCD
=

4

3

αs

π
δQCD σqq̄0 ,

where

δEWK = 2 ln
2ω√
s

(

Q2
q

(

ln
s

m2
q

− 1
)

− 2QqQl ln
t

u
+Q2

l

(

ln
s

m2
− 1

)

)

+

+Q2
l (
3

2
ln

s

m2
− 2+

π2

3
) +Q2

q(
3

2
ln

s

m2
q

− 2+
π2

3
)

−QqQl(ln
s2

tu
ln

t

u
+
π2

3
+ ln2

t

u
+ 4Li2

−t

u
),

δQCD = 2 ln
2ω√
s

(

ln
s

m2
q

− 1
)

+
3

2
ln

s

m2
q

− 2+
π2

3
.
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Rebuilding to fully di�erential 
ross se
tion

Here we rebuild all of the 
ross se
tions to 
ompletely di�erential

form

σC → σ
(3)
C ≡ d3σC

dMdydψ
,

where

y ≡ |y(l−l+)| � dilepton rapidity,

ψ � 
osine of angle between

~PA and

~k1.
For non-radiative part the translation to di�erential form simply to

do using the Ja
kobian JN:

JN =
D(x1, x2, t)

D(M, y, ψ)
=

4M3e2y

S[1+ ψ + (1− ψ)e2y]2
.

The radiative Ja
kobian 
an introdu
e in the following way

J
(3)
R =

4Me2y

S

(v +M2)(z1 +M2)(u1 +M2)

[(1+ ψ)(z1 +M2) + (1− ψ)e2y(u1 +M2)]2
.
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Leading Logs for EWK bremsstrahlung, QCD gluon

bremsstrahlung, and Inverse Gluon Emission (IGE)

Common features of formulas:

Collinear u1- and z1-peaks for ISR, p = (1 − η)p1,2, γ/g is


ollinear to q, q̄

Collinear z- and v-peaks for FSR, p = 1−η
η k1,2, γ/g is 
ollinear

to µ+, µ−

Proportional to the Born expressions: JN and t2B + χu2B

PDFs grouped into 
ombinations fAq (x
B
1 )f

B
q̄ (

xB
2

η )

EWK/QCD and IGE splitting fun
tions

1+ η2

η
and

(1− η)2 + η2

η

are fa
torized at Collinear Logs
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Quark Mass Singularity in QED- and QCD-
orre
tions

To solve Quark Mass Singularity (QS) problem in MS-s
heme, then

CL-terms are adsorbing into PDFs depending on the fa
torization

s
ale, Msc . The part to be subtra
ted is

σQS =
1

3

∫

d3Γ

1−2ω/M
∫

0

dη
∑

q=u,d,s,c,b

[

(

fq(x1,Q
2)∆q̄(x2, η) +

+∆q(x1, η)fq̄(x2,Q
2)
)

σqq̄0 + (q ↔ q̄)
]

θKθMθD,

∆q(x, η) = CRC

[

1

η
fq(

x

η
,M2

sc)θ(η − x)− fq(x,M
2
sc)

]

1+ η2

1− η
×

×
(

ln
M2

sc

m2
q(1− η)2

− 1

)

, CQED =
α

2π
Q2

q, CQCD =
4

3

αs

2π
.

For IGE the result of QS-term substra
tion is trivial:

σIGE − σIGE,QS = σIGE(mq → Msc).
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Dis
ussion of numeri
al results. Code READY

In the following the s
ale of radiative 
orre
tions and their e�e
t

on the observables of Drell�Yan pro
esses will be dis
ussed using

FORTRAN program READY: (Radiative 
orrE
tions to lArge inva-

riant mass Drell-Yan pro
ess).

We used the following set of pres
riptions:

the standard PDG set of SM input ele
troweak parameters:

the light quark �e�e
tive� masses provide∆α
(5)
had(m

2
Z) = 0.0276,

5 a
tive �avors of quarks in proton, their masses as regulators

of the 
ollinear singularity,

CTEQ, MRST 2004QED, and MSTW8 sets of PDFs (with the


hoi
e Q = Msc = M).
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CMS dete
tor setup

We impose the experimental restri
tion 
onditions

on the dete
ted lepton angle −ζ∗ ≤ ζ ≤ ζ∗ and on the rapidity

|y(l)| ≤ y(l)∗; for CMS dete
tor the 
ut values of ζ∗ and y(l)∗

are determined as

y(l)∗ = − ln tan
θ∗

2
= 2.5 (or = 2.4),

the se
ond standard CMS restri
tion pT(l) ≥ 20 GeV,

the �bare� setup for muons identi�
ation requirements (no smearing,

no re
ombination of muon and photon).
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Independen
e of EWK RC from ω (GeV) and quark masses

at l = µ,
√
S = 14 TeV, M = 2 TeV, y = 0, ψ = 0

ω mq/mu δfin δhard δfin − δsoftQS δhard − δhardQS δtot
10.0 −0.4555 0.3294 −0.3292 0.2250 −0.1042

10 1.0 −0.4846 0.3527 −0.3291 0.2250 −0.1042
0.1 −0.5136 0.3759 −0.3291 0.2250 −0.1041
10.0 −0.7117 0.5831 −0.4862 0.3799 −0.1064

1 1.0 −0.7581 0.6235 −0.4862 0.3799 −0.1064
0.1 −0.8045 0.6639 −0.4862 0.3799 −0.1064
10.0 −0.9679 0.8390 −0.6256 0.5190 −0.1066

0.1 1.0 −1.0316 0.8967 −0.6256 0.5190 −0.1066
0.1 −1.0953 0.9545 −0.6256 0.5190 −0.1066
10.0 −1.2241 1.0951 −0.7476 0.6410 −0.1066

0.01 1.0 −1.3052 1.1702 −0.7476 0.6410 −0.1066
0.1 −1.3862 1.2454 −0.7476 0.6410 −0.1066
10.0 −1.4803 1.3513 −0.8522 0.7456 −0.1066

0.001 1.0 −1.5787 1.4438 −0.8522 0.7456 −0.1066
0.1 −1.6771 1.5362 −0.8522 0.7456 −0.1066
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Independen
e of QCD RC from ω (GeV) and quark masses

at l = µ,
√
S = 14 TeV, M = 2 TeV, y = 0, ψ = 0

ω mq/mu δfin δhard δfin − δsoftQS δhard − δhardQS δtot
10.0 −5.6024 4.5893 2.1076 −1.7306 0.3770

10 1.0 −7.3746 5.9937 2.1122 −1.7306 0.3815
0.1 −9.1469 7.3980 2.1167 −1.7306 0.3861
10.0 −9.0318 7.9905 4.7309 −4.3551 0.3758

1 1.0 −11.8625 10.4443 4.7313 −4.3551 0.3762
0.1 −14.6932 12.8982 4.7318 −4.3551 0.3767
10.0 −12.4611 11.4170 8.4329 −8.0567 0.3762

0.1 1.0 −16.3503 14.9284 8.4329 −8.0567 0.3762
0.1 −20.2395 18.4399 8.4330 −8.0567 0.3763
10.0 −15.8905 14.8461 13.1958 −12.8196 0.3763

0.01 1.0 −20.8382 19.4159 13.1958 −12.8196 0.3763
0.1 −25.7858 23.9858 13.1959 −12.8196 0.3763
10.0 −19.3198 18.2754 19.0175 −18.6412 0.3763

0.001 1.0 −25.3260 23.9037 19.0175 −18.6412 0.3763
0.1 −31.3322 29.5321 19.0175 −18.6412 0.3763
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Comparison at Hadroni
 Level

dσ

dMdy
=

ζ∗
∫

−ζ∗

dψσ(3)θD ;
dσ

dM
=

ζ∗
∫

−ζ∗

dψ

+ ln
√
S

M
∫

− ln
√

S

M

dy σ(3)θD .

Comparing the relative EWK RC to dσ/dM with the results of

HORACE (C. M. Carloni Calame, G. Montagna, O. Ni
rosini,

A. Vi
ini // JHEP. 2007. Vol. 10. P. 109, arXiv:0710.1722)

SANC (A. Andonov et al. Comput. Phys. Commun. 2006.

Vol. 174. P. 481 [hep-ph/0411186℄)

ZGRAD2 (U. Baur et al. Phys. Rev. D. 2002. Vol. 65, 033007,

P. 1�19. [hep-ph/0108274℄)

published in Pro
. of Les Hou
hes 2007, Physi
s at TeV 
olliders,

arXiv:0803.0678 [hep-ph℄ we have a good agreement atM ≥ 0.5 TeV.
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Comparison of M-distribution
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FEWZ

�èñ. 11: Relative ele
troweak 
orre
tions δ(%) to dσ/dM vs M.

READY a

ura
y is < 0.1%, a time per dot is ∼ 1200 s.

V.A. Zykunov NLO and FSR NNLO radiative 
orre
tions for Drell�Yan pro
esses at LHC



Comparison of forward-ba
kward asymmetry
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�èñ. 12: The di�eren
e between the NLO and LO predi
tions for

AFB due to ele
troweak 
orre
tions.
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READY5.4 settings

Form of in54.dat input-�le:

1 ! 1=PDG'08, 2=arXiv:1606.02330

2 ! 1=dσ/dM/dy/dψ, 2=dσ/dM, 4=AFB

1 ! 1=EWK, 2=QCD, 3=EWK+QCD

1 ! 1=muon, 2=ele
tron

4 ! 1,2,3-CTEQ (MSbar,DIS,LO), 4-MRST4, 5-MSTW8, ...

10000 ! base number of iterations by VEGAS

13000. ! LHC energy, GeV

0.986614 ! y limitation of CMS (y=2.5, 
os(a)=0.986614)

20.0 ! pT limitation of CMS (20 GeV)
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Approa
hes to NNLO 
orre
tions for Drell�Yan

Contributions needed to 
al
ulate (in order of di�
ulty in
reasing):

FSR radiation (EWK)

ISR radiation (EWK and QCD)

Their interferen
e and interplay

V.A. Zykunov NLO and FSR NNLO radiative 
orre
tions for Drell�Yan pro
esses at LHC



NNLO QED FSR radiative 
orre
tions

Simplest (but prin
ipal) part of NNLO radiative 
orre
tion is NNLO

QED FSR 
ontribution.

To get it we need to 
al
ulate

Q-part:

Quadrati
 NLOs, or square of one-loop NLO FSR 
orre
tions

T-part:

all Two-loop FSR diagrams with photon

O-part:

One-photon emission with NLO V-
ontributions (soft and hard)

D-part:

Double-photon emission (soft and hard)
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NNLO QED FSR with soft real photons

Summing up Q-, T -,O-, D-parts (and subtra
ting R-part) on partoni


level we get:

σNNLO = σQ + σT + σO + σD − σR =

= σ0

[

|F(1)(s)|2 + 2ReF(2)(s) + δS1 · 2ReF(1)(s) +
1

2
(δS1 )

2 −

−1

2

(α

π

)22

3
π2(L − 1)2

]

.

All important form fa
torts F(1)(s), F(2)(s), and δS1 expressed via

three logarithms � 
ollinear, infrared, and soft ones:

L = log
s

m2
, Lλ = log

λ2

m2
, Lω = log

2ω√
s
,

where λ is mass of internal virtual photon, ω is maximal energy

of soft real photon.

V.A. Zykunov NLO and FSR NNLO radiative 
orre
tions for Drell�Yan pro
esses at LHC



One-loop form fa
tors via logs

F(1)(s) =
α

π

[

−1

4
L2 +

1

2
LλL+

3

4
L− 1

2
Lλ − 1+

π2

3
+

+iπ
(1

2
L− 1

2
Lλ −

3

4

)]

,

δS1 =
α

π

[1

2
L2 − LλL+ 2LωL+ Lλ − 2Lω − π2

3

]

,

where

L = log
s

m2
, Lλ = log

λ2

m2
, Lω = log

2ω√
s
.
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Two-loop form fa
tor via logs

ReF(2)(s) =
(α

π

)2[ 1

32
L4 − 3

16
L3 +

(17

32
− 5

4
ζ2

)

L2

+
(

−21

32
+ 3ζ2 +

3

2
ζ3

)

L+
2

5
ζ22 − 9

4
ζ3 − 3ζ2 log 2

−1

2
ζ2 +

405

216
+ L2

λ

(1

8
L2 − 1

4
L+

1

8
− 3

4
ζ2

)

+Lλ

(

−1

8
L3 +

1

2
L2 +

(

−7

8
+

5

2
ζ2

)

L+
1

2
− 13

4
ζ2

)]

.

This is result of F.A. Berends, W.L. Van Neerven, G.J.H. Burgers

(Nu
l. Phys. B., 1988, Vol. 297, 429).
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Choi
e of maximal energy of soft real photon

Cru
ial importan
e is the 
hoi
e of ω to 
orrespond to experimental

situation of CMS LHC dete
tor.

We used e�e
tive values at ea
h kinemati
al point wi
h reprodu
e

exa
t (with hard photon taking into a

ount) relative 
orre
tion to


ross se
tion.

M, TeV δEWK ωeff/
√
S

0.5 −0.0094 0.0032
1.0 −0.0582 0.0057
1.5 −0.1016 0.0077
2.0 −0.1350 0.0097
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The λ2-independan
e of FSR NNLO result, µ-
ase

The relative 
orre
tions to the 
ross se
tion dσ/dM at M = 2 TeV,

µ-
ase, indu
ing di�erent 
ontributions to FSR NNLO 
orre
tion

NNLO = Q + T + O + D − R

depending on λ2, where λ2 = 10n GeV.

n Q T O D R NNLO

-7 0.20371 0.18014 −0.67833 0.29976 0.00620 −0.00092
-8 0.25185 0.22449 −0.85315 0.38209 0.00620 −0.00092
-9 0.30522 0.27377 −1.04826 0.47455 0.00620 −0.00092
-10 0.36375 0.32793 −1.26345 0.57705 0.00620 −0.00092
-11 0.42740 0.38694 −1.49859 0.68950 0.00620 −0.00092
-12 0.49620 0.45079 −1.75374 0.81192 0.00620 −0.00092
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The λ2-independan
e of FSR NNLO result, e-
ase

The relative 
orre
tions to the 
ross se
tion dσ/dM at M = 2 TeV,

e-
ase, indu
ing di�erent 
ontributions to FSR NNLO 
orre
tion

depending on λ2, where λ2 = 10n GeV.

n Q T O D R NNLO

-7 0.27168 0.24818 −0.87264 0.36633 0.01530 −0.00175
-8 0.35980 0.33250 −1.19183 0.51308 0.01530 −0.00175
-9 0.46035 0.42897 −1.56021 0.68444 0.01530 −0.00175
-10 0.57337 0.53764 −1.97792 0.88046 0.01530 −0.00175
-11 0.69889 0.65851 −2.44497 1.10116 0.01530 −0.00175
-12 0.83677 0.79156 −2.96146 1.34636 0.01530 −0.00175
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Total result

We 
ontrol the 
an
ellation of 
ollinear logs of highest orders � NNLO

result 
ontains only L2, L1, and L0
:

σNNLO =
(α

π

)2[

c2L
2 + c1L+ c0

]

σ0,

where

c2 = 2L2
ω + 3Lω − 2ζ2 +

9

8
,

c1 = −4L2
ω + Lω(4ζ2 − 7) +

11ζ2
2

+ 3ζ3 −
45

16
,

c0 = 2L2
ω + 4Lω(1− ζ2)−

6ζ22
5

+
3ζ2
8

− 6ζ2 ln 2− 9ζ3
2

+
19

4
.
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Con
lusions

The NLO EWK+QCD and �soft� FSR NNLO RC to Drell�Yan

pro
ess at extra large M in fully di�erential form have been

studied.

The results are the 
ompa
t expressions, they expand in Su-

dakov and 
ollinear logarithms.

The new G/N-method of taking into a

ount of radiative events

without any approximations is demonstrated.

At the parton/hadron level FORTRAN 
ode READY gives a

good 
oin
iden
e for 
ross se
tion and AFB with other groups

at M > 0.5 TeV and fast 
onvergen
e.

We have �rst result on NNLO RC to Drell�Yan pro
ess. Our

next steps are taking into a

ount hard photons in FSR NNLO

order, ISR QED and QCD modes, their interplay, et
.
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