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Introduction

Despite the fact that the Standard Model (SM) keeps for oneself the
status of consistent and experimentally confirmed theory, the search
of New Physics (NP) manifestations is continued:

⋆ the supersymmetry,

⋆ M-theory,

⋆ DM-particles,

⋆ axions,

⋆ feebly interacting particles,

⋆ extra spatial dimensions,

⋆ extra neutral gauge bosons, etc.

One of powerful tool in the modern experiments at LHC is the in-
vestigation of Drell–Yan dilepton production

pp → γ,Z → l+l−X (1)

at large invariant mass of lepton pair: M ≥ 1 TeV.
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Drell-Yan process (1970, BNL)
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Figure 1: Drell-Yan process with neutral current

⋆ √
S is total energy in c.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 RCs to DY process

QED RCs:

⋆ Mosolov, Shumeiko,
Nucl.Phys.B 186, 394
(1981),

⋆ Soroko, Shumeiko,
Yad.Fiz. 52, 514 (1990)

Figure 2: Nikolai Maximovich Shumeiko
(1942–2016)
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Pioneer papers on EWK and QCD RCs to DY process

EWK RCs:
⋆ 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,
Nucl. Phys. B 359, 343 (1991)
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Some modern codes for NLO and NNLO RC for DY
process at hadronic colliders (in the ABC order)

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

⋆ FEWZ (R. Gavin, Y. Li, F. Petriello, S. Quackenbush)

⋆ HORACE (C.Carloni Calame, G.Montagna, et al.)

⋆ MC@NLO (S. Frixione, F. Stoeckli, 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. Schwinn et al.)

⋆ READY (V. Zykunov, RDMS CMS)

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

⋆ WINHAC (W. Placzek, S. Jadach, M.W. Krasny et al.)

⋆ WZGRAD (U. Baur, W. Hollik, D. Wackeroth et al.)
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Current experimental situation at CMS LHC

⋆ The measured Drell–Yan cross sections and forward-backward
asymmetries are consistent with the SM predictions at√

S = 7–8 TeV (19.7 fb−1) for M≤2 TeV,√
S = 13 TeV (85 fb−1) for M≤3 TeV

⋆ differential cross section dσ
dM ,

⋆ double-differential cross section d2σ
dMdy ,

⋆ forward-backward asymmetry AFB.

⋆ NNLO RCs are taken into account by using of FEWZ 3.1

⋆ NNLO PDFs are CT10 NNLO and NNPDF2.1.
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Mathematical Content

At the edges of kinematical region (extra large
√
S, M) the impor-

tant task is make the RC procedure both accurate and fast. For the
latter it is desirable to obtain the set of compact formulas for the
EWK and QCD RCs.

Leading effect of Weak RCs in the region of large M is described
by the Sudakov Logarithms (SL, V. Sudakov, Sov. Phys. JETP
3, 65 (1956)):

log
m2

B

|r|
(B = Z,W; r = s, t,u). (2)

Collinear Logarithms (CL) play leading role in description of QED
RCs and QCD RCs:

log
m2

f

|r|
(f = e, µ, q; r = s, t,u). (3)
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Notations and Born amplitude
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Figure 3: The lowest order graph giving contribution to the DY
scattering at parton level

The standard set of Mandelstam invariants for the partonic elastic
scattering:

s = (p1 + p2)
2, t = (p1 − k1)

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

σH
V =

1

3

∫
d3Γ

∑
q=u,d,s,c,b

θKθMθD[f
A
q (x1,Q

2)fBq̄ (x2,Q
2)σqq̄

V (t) +

+fAq̄ (x1,Q
2)fBq (x2,Q

2)σq̄q
V (t)],

∫
d3Γ[...] =

1∫
0

dx1

1∫
0

dx2

0∫
−S

dt[...],

where V = {0,BSE, LV, HV,b, fin}, b = {γγ, γZ,ZZ,WW}.

θK = θ(s+ t), θM, θD are kinematical factors.

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

Djs =
1

s−m2
j + imjΓj

. (5)
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Born cross section and coupling constants

Born cross section looks like

σqq̄
0 =

2πα2

s2

∑
i,j=γ,Z

DiDj∗[λq
i,j
+λl

i,j
+(t

2 + u2) + λq
i,j
−λl

i,j
−(t

2 − u2)
]
,

where suitable combinations of coupling constants are:

λf
i,j
+ = vifv

j
f + aifa

j
f , λf

i,j
− = vifa

j
f + aifv

j
f , (6)

vγf = −Qf , aγf = 0, vZf =
I3f − 2s2WQf

2sWcW
, aZf =

I3f
2sWcW

.

All notations (the Feynman rules, renomalization detailes, etc.) are
inspired by M. Böhm, H. Spiesberger, W. Hollik, Forschr.Phys.
34, 687 (1986).
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Main features of EWK and QCD RCs calculation

⋆ the t’Hooft–Feynman gauge,

⋆ on-mass renormalization scheme (α, αs,mW,mZ,mH and
the fermion masses as independent parameters),

⋆ ultrarelativistic limit.

QCD result can be obtained from QED case by substitution:

Q2
qα →

N2−1∑
a=1

tataαs =
N2 − 1

2N
Iαs →

4

3
αs, (7)

here 2ta – Gell-Man matrices, N = 3.
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EWK Boson Self Energies

a b

Figure 4: γγ-, γZ - and ZZ -Self Energy diagrams

σqq̄
BSE = −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 expressed via renormalized γ–, Z– and γZ–self energies:

Πγ =
Σ̂γ

s
, ΠZ =

Σ̂Z

s−m2
Z

, ΠγZ =
Σ̂γZ

s
.

V.A. Zykunov Electroweak radiative corrections to dilepton production via photon fusion at LHC



Light and Heavy Vertices (EWK RCs)

Figure 5: Feynman graphs for Vertices diagrams. Unsigned helix lines
mean γ or Z .

We use the ElectroWeak Form Factor set δFif
V,A from M.Böhm

et al., Fortschr. Phys. 34, 687 (1986)

vjf → δFjf
V, ajf → δFjf

A. (8)
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EWK Light and Heavy Boxes

Figure 6: Feynman graphs for Box diagrams. Unsigned helix lines
mean γ, Z or W

There are two new methods suitable for Run3/HL situation:

⋆ Asymptotic Approach (V.A. Zykunov, Phys. Rev. D
75, 073019 (2007)) is going to compact result via Sudakov
logarithms in HE region.

⋆ Fast New Approach (V.A. Zykunov, Phys. At. Nucl.
84, 492 (2021)) is going to Exact compact result in All re-
gions.
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Photon bremsstrahlung
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Figure 7: γ bremsstrahlung diagrams. Unsigned helix lines – γ or Z .
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QCD NLO diagrams: direct and inverse gluon
bremsstrahlung

Figure 8: Gluon vertex and bremsstrahlung diagrams.

Figure 9: Inverse gluon bremsstrahlung diagrams
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Phase space via 4 invariants (M-method)

Phase space looks like

I6Ω[A] =

1∫
0

dx1

1∫
0

dx2
4s

π2

∫
dΦ θRMθRD A,

with phase space of 3-particle final 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 numerical integration we used Monte Carlo routine based on the
VEGAS algorithm: G. Peter Lepage’1978.
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Phase space
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Figure 10: 3-vectors of final state
in c.m.s. of quarks

It is suitible to use

⋆ c.m.s. of quarks,

⋆ reverse vector

p⃗5 = −p⃗

⋆ with

θp = π−θ5, φp = π+φ5.

∫
dΦ... =

Ω∫
ω

p0dp0

1∫
−1

d cos θ3

1∫
−1

d cos θp

2π∫
0

dφp
π|⃗p3|...

4p40F(p30)
.
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One usefull feature of W -method

We can combine soft and hard photon/gluon parts to avoid of ω-
dependance at all:

soft+ hard =

ω∫
λ

dp0...+

Ω∫
ω

dp0... =

Ω∫
λ

dp0... .

Let us note this feature as W -method (whole phase space, without
terms “soft”, “hard” photons).
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Problem of collinear singularity

Figure 11: Çàâèñèìîñòü ñå÷åíèÿ æåñòêîãî òîðìîçíîãî èçëó÷åíèÿ
îò àçèìóòàëüíîãî óãëà ôîòîíà φp ïðè ôèêñèðîâàííûõ ïîëÿðíûõ
óãëàõ èçëó÷àþùåãî ëåïòîíà è ôîòîíà 60◦: ñëåâà � M = 1 ÒýÂ,
ñïðàâà � M = 5 ÒýÂ.
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Peaks region
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Figure 12: v-peak (upper bold line) and z-peak (bottom bold line).
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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 collinear to quark or antiquark

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

collinear to µ+ or µ−

⋆ Proportional to the Born expressions: JN and t2B + χu2B

⋆ PDFs grouped into combinations fAq (x
B
1 )f

B
q̄ (

xB2
η )

⋆ EWK/QCD and IGE splitting functions

1+ η2

η
and

(1− η)2 + η2

η

are factorized at Collinear Logs.
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Quark Mass Singularity in QED- and QCD-corrections

To solve Quark Mass Singularity (QS) problem in MS-scheme, then
CL-terms are adsorbing into PDFs depending on the factorization
scale, Msc . The part to be subtracted 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)
)
σqq̄
0 + (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
×

×
(
log

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 substraction is trivial:

σIGE − σIGE,QS = σIGE(mq → Msc).
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Discussion of numerical results. Code READY

In the following the scale of radiative corrections and their effect
on the observables of Drell–Yan processes will be discussed using
FORTRAN program READY: (Radiative corrEctions to lArge inva-
riant mass Drell-Yan process).

We used the following set of prescriptions:

⋆ standard PDG set of SM input electroweak parameters,

⋆ “effective” quark masses (∆α
(5)
had(m

2
Z) = 0.0276),

⋆ 5 active flavors of quarks in proton,

⋆ CTEQ, CT10, and MHHT14 sets of PDFs,

⋆ choice for PDFs: Q = Msc = M.
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CMS detector setup

We impose the experimental restriction conditions

⋆ on the detected lepton angle −ζ∗ ≤ cos θ ≤ ζ∗ and on the
rapidity |y(l)| ≤ y(l)∗; for CMS detector the cut values of ζ∗

and y(l)∗ are determined as

y(l)∗ = − log tan
θ∗

2
= 2.5, ζ∗ = cos θ∗ ≈ 0.986614,

⋆ the second standard CMS restriction pT(l) ≥ 20 GeV,

⋆ the “bare” setup for muon identification requirements
(no smearing, no recombination of muon and photon/gluon).
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READY6.0 settings

Form of in60.dat input-file:

2 ! 1=PDG’08, 2=PDG’16, ...
4 ! 2=dσ/dM, 4=AFB

1 ! 1=EWK, 2=QCD, 3=EWK+QCD,...
1 ! 1=muon, 2=electron
6 ! 1,2,3-CTEQ, 4-MRST4, 5-MMHT14, 6-CT10
10000 ! base number of iterations by VEGAS
14000. ! LHC energy, GeV
0.986614 ! y limitation of CMS (y=2.5, cos(a)=0.986614)
20.0 ! pT limitation of CMS (20 GeV)
1.0 ! start CMS rapidity of pair
1.25 ! finish CMS rapidity of pair
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Comparison at Hadronic Level

dσ

dMdy
=

ζ∗∫
−ζ∗

d cos θ σ(3)θD,
dσ

dM
=

ζ∗∫
−ζ∗

d cos θ

+ log
√
S

M∫
− log

√
S

M

dy σ(3)θD.

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

⋆ HORACE (C. M. Carloni Calame et al. // JHEP 10,
109 (2007) [arXiv:0710.1722])

⋆ SANC (A. Andonov et al. Comput. Phys. Commun.
174, 481 (2006) [hep-ph/0411186])

⋆ ZGRAD2 (U. Baur et al. Phys. Rev. D. 65, 033007
(2002) [hep-ph/0108274])

published in Proc. of Les Houches 2007, Physics at TeV colliders
[arXiv:0803.0678] we get an agreement better then 1%
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Differential cross sections for Run3 of CMS LHC

Figure 13: (à) äâàæäû äèôôåðåíöèàëüíîå ñå÷åíèå dσ
dMdy â çàâè-

ñèìîñòè îò y ïðè ðàçëè÷íûõ çíà÷åíèÿõ M (â ÒýÂ, îáîçíà÷åíû
öèôðàìè íà ðèñóíêå). (á) äèôôåðåíöèàëüíîå ñå÷åíèå ïî èíâà-
ðèàíòíîé ìàññå dσ

dM â çàâèñèìîñòè îò M.
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Relative EWK corrections to double differential cross
sections for Run3 of CMS LHC

Figure 14: Îòíîñèòåëüíûå ýëåêòðîñëàáûå ïîïðàâêè ê äâàæäû
äèôôåðåíöèàëüíîìó ñå÷åíèþ dσ

dMdy â çàâèñèìîñòè îò y ïðè ðàç-

ëè÷íûõ M: (à) ðîæäåíèå äèìþîíà, (á) äèýëåêòðîíà.
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Relative QCD corrections to double differential cross
sections for Run3 of CMS LHC

Figure 15: Îòíîñèòåëüíûå ÊÕÄ-ïîïðàâêè ê äâàæäû äèôôåðåí-
öèàëüíîìó ñå÷åíèþ dσ

dMdy â çàâèñèìîñòè îò y ïðè ðàçëè÷íûõ M:

(à) íà÷àëüíîå êâàðêîâîå ñîñòîÿíèå, (á) èíâåðñíîå ãëþîííîå èç-
ëó÷åíèå.
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Total relative EWK and QCD corrections to double
differential cross sections for Run3 of CMS LHC

Figure 16: Ïîëíûå îòíîñèòåëüíûå ýëåêòðîñëàáûå è ÊÕÄ-
ïîïðàâêè ê äâàæäû äèôôåðåíöèàëüíîìó ñå÷åíèþ dσ

dMdy â çà-

âèñèìîñòè îò y ïðè ðàçëè÷íûõ M: (à) ðîæäåíèå äèìþîíà, (á)
ðîæäåíèå äèýëåêòðîíà.
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Relative EWK and QCD corrections to differential cross
sections for Run3 of CMS LHC

Figure 17: Îòíîñèòåëüíûå ïîïðàâêè ê äèôôåðåíöèàëüíîìó ñå-
÷åíèþ ïî èíâàðèàíòíîé ìàññå dσ

dM â çàâèñèìîñòè îò M: (à) ýëåê-
òðîñëàáûå è QCD-ïîïðàâêè, (á) ïîëíûå îäíîïåòëåâûå ïîïðàâêè.
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Relative EWK and QCD corrections to total cross sections

Figure 18: Îòíîñèòåëüíûå ïîïðàâêè ê ïîëíîìó ñå÷åíèþ: (à)
|y | < 1, (á) 1 < |y | < 1.25, (â) 1.25 < |y | < 1.5, (ã) 1.5 < |y | < 2.5.
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Two mechanisms: DY and γγ
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Figure 19: Ïðîöåññ ðîæäåíèÿ äèëåïòîíà â àäðîííûõ ñòîëêíî-
âåíèÿõ: ñëåâà � ïðîöåññ Äðåëëà�ßíà ñ âèðòóàëüíûì ôîòîíîì,
ñïðàâà � ìåõàíèçì ôîòîííîãî ñëèÿíèÿ. Íà ëèíèÿõ óêàçàíû íà-
çâàíèÿ ÷àñòèö.
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γγ-fusion Born: diagrams and cross sections

p1

p2

p3

-p4

p1
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Figure 20: Ôåéíìàíîâñêèå äèàãðàììû ïðîöåññà γγ → l−l+ â
áîðíîâñêîì ïðèáëèæåíèè.

Parton level:

dσγγ
0 =

2πα2

s2
t2 + u2

tu
dt. (9)

Hadron level (C = cos θ):

d3σh
0

dMdydC
= 8πα2fAγ (x1)f

B
γ (x2)

t2 + u2

SM5(1− C2)
Θ. (10)

V.A. Zykunov Electroweak radiative corrections to dilepton production via photon fusion at LHC



DY vs γγ: diff. cross section dσ/dM
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Figure 21: à � äèôôåðåíöèàëüíûå áîðíîâñêèå ñå÷åíèÿ ïî èíâà-
ðèàíòíîé ìàññå dσ0

dM â çàâèñèìîñòè îò M.
á � îòíîñèòåëüíàÿ ïîïðàâêà δγγ(M) â çàâèñèìîñòè îò M.

δγγ(M) =
dσγγ

0 /dM

dσDY
0 /dM

. (11)
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DY vs γγ: double diff. cross section d2σ/dMdy
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Figure 22: à � äâàæäû äèôôåðåíöèàëüíûå áîðíîâñêèå ñå÷åíèÿ
d2σ0

dMdy â çàâèñèìîñòè îò M ïðè ðàçëè÷íûõ çíà÷åíèÿõ y .

á � îòíîñèòåëüíûå ïîïðàâêè δγγ(M, y) â çàâèñèìîñòè îò M ïðè
ðàçëè÷íûõ çíà÷åíèÿõ y .
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Virtual diagrams: γ and Z

γ ,Z

γ ,Z

γ ,Z

γ ,Z

Figure 23: Ïîëîâèíà íàáîðà ôåéíìàíîâñêèõ äèàãðàìì ïðî-
öåññà γγ → l−l+ ñ äîïîëíèòåëüíûì âèðòóàëüíûì ôîòîíîì è
Z -áîçîíîì: âåðøèííû, ñîáñòâåííàÿ ýíåðãèèÿ ýëåêòðîíà, áîêñ.
Îñòàâøèåñÿ äèàãðàììû ïîëó÷àþòñÿ çàìåíîé p1 ↔ p2.
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Virtual diagrams: W

W ν

W

W ν

W

W ν

Φ
±
,W ν

W

W

Figure 24: Ïîëîâèíà íàáîðà ôåéíìàíîâñêèõ äèàãðàìì ïðîöåñ-
ñà γγ → l−l+ ñ äîïîëíèòåëüíûì âèðòóàëüíûì W -áîçîíîì: âåð-
øèííû, ñîáñòâåííàÿ ýíåðãèèÿ ýëåêòðîíà, áîêñ. Îñòàâøèåñÿ äèà-
ãðàììû ïîëó÷àþòñÿ çàìåíîé p1 ↔ p2.
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Bremshtrahlung diagrams

p

p

p

Figure 25: Ïîëîâèíà íàáîðà ôåéíìàíîâñêèõ äèàãðàìì ïðîöåññà
γγ → l−l+γ. Îñòàâøèåñÿ äèàãðàììû ìîãóò áûòü ïîëó÷åíû çà-
ìåíîé p1 ↔ p2.
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Virtual + soft contribution

Âêëàä îò äîïîëíèòåëüíûõ äèàãðàìì ñ âèðòóàëüíûì è ìÿãêèì
ôîòîíàìè ïîëíîñòüþ ôàêòîðèçóåòñÿ ïåðåä áîðíîâñêèì ñå÷åíè-
åì, ñì. íàïð.M.B�ohm and T. Sack, Z. Phys. C 33, 157 (1986):

δQED =
α

π

(
log

4ω2

s
(L− 1) +

π2

3
− 3

2
+

tu

t2 + u2
[f(t,u) + f(u, t)]

)
,

ãäå êîëëèíåàðíûé (�áîëüøîé�) ëîãàðèôì è ëîãàðèôì, çàâèñÿ-
ùèé îò óãëà ðàññåÿíèÿ òàêèå:

L = log
s

m2
, Lst = log

s

−t
, (12)

à

f(t,u) =
s2 + t2

2tu
L2st −

3u

2t
LLst − Lst.
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Weak contributions: Z and W

Ñëàáûå ïîïðàâêè òàêæå ïîëíîñòüþ ôàêòîðèçóþòñÿ:

δZ = −α

π
(v2Z + a2Z)

tu

t2 + u2
[
GZ(t,u) + GZ(u, t)

]
,

δW = −α

π

1

4s2W

tu

t2 + u2
[
GW(t,u) + GW(u, t)

]
,

ïðè óñëîâèè àñèìïòîòèêè
√
s ≫ mZ, ñîîòâåòñòâóþùåé ÍÅ-ðåæèìó,

ïîëó÷èì:

GHE
Z (t,u) =

t3L2st
2u3

+
tLtZ
2u

(LsZ+Lst−1)−tLsZ
u

−t2Lst
u2

+
t(27− 2π2)

12u
,

GHE
W (t,u) =

t2

su

(
π2 − L2sW

)
+

t

u

(π2

3
+ L2tW

)
− 3u

2t
LtW − Lst +

5u

4t
,

ãäå ñóäàêîâñêèå ëîãàðèôìû:

LtB = log
−t

m2
B

, LsB = log
s

m2
B

; B = Z,W.
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Independance of unphysical ω
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Figure 26: Îòíîñèòåëüíûå ïîïðàâêè δRC ê äèôô. ñå÷åíèþ dσ
dM

(âèðòóàëüíûé è ìÿãêèé âêëàä, æåñòêèé âêëàä è èõ ñóììà) â
çàâèñèìîñòè îò ω (ðîæäåíèÿ äèìþîíà, M=2 ÒýÂ).

δRC(M) =
dσγγ

RC/dM

dσγγ
0 /dM

. (13)
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ElectoMagnetic corrections to diff. cross section dσ/dM
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Figure 27: Ïîëíûå îòíîñèòåëüíûå ýëåêòðîìàãíèòíûå ïîïðàâêè
δRC(M) ê dσ

dM â çàâèñèìîñòè îò M.
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ElectoMagnetic corrections to double diff. cross section
d2σ/dMdy
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Figure 28: Ïîëíûå îòíîñèòåëüíûå ýëåêòðîìàãíèòíûå ïîïðàâêè

δRC(M, y) ê d2σ0

dMdy â çàâèñèìîñòè îò M ïðè ðàçëè÷íûõ y .
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ElectoWeak corrections to diff. and double diff. cross
sections
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Figure 29: (à) îòíîñèòåëüíûå ýëåêòðîñëàáûå ïîïðàâêè ê äèôô.
ñå÷åíèþ â çàâèñèìîñòè îò M,
(á) ïîëíûå îòíîñèòåëüíûå ýëåêòðîñëàáûå ïîïðàâêè ê äâàæäû
äèôô. ñå÷åíèþ â çàâèñèìîñòè îò M ïðè ðàçëè÷íûõ y .
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Total cross sections: standard CMS bins
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Figure 30:
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Forward-backward asymmetry AFB

Àñèììåòðèÿ âïåðåä-íàçàä AFB � âàæíàÿ íàáëþäàåìàÿ äëÿ ðîæ-
äåíèÿ äèëåïòîíà â àäðîííûõ ñòîëêíîâåíèÿõ � èìååò äâîÿêóþ
ïðèðîäó (ýëåêòðîñëàáóþ è êèíåìàòè÷åñêóþ):

AFB =
σh
F − σh

B

σh
F + σh

B

, (14)

ãäå

σh
F � ñå÷åíèå �âïåðåä� (cos θ∗ > 0),

σh
B � ñå÷åíèå �íàçàä� (cos θ∗ < 0).

Â ñèñòåìå Êîëëèíçà�Ñîïåðà cos θ∗ âûãëÿäèò òàê:

cos θ∗ = sgn[x2(t+ u1)− x1(t1 + u)]
tt1 − uu1

M
√

s(u+ t1)(u1 + t)
. (15)
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Boundaries for Forward and Backward regions

Â ñëó÷àå áåçðàäèàöèîííîé êèíåìàòèêè âûðàæåíèå äëÿ cos θ∗

èìååò îñîáåííî ïðîñòîé âèä:

cos θ∗ = sgn[x1−x2]
u− t

s
= sgn

[
ey−e−y

](1+ C)e−y − (1− C)ey

(1+ C)e−y + (1− C)ey
.

Ðåøàÿ óðàâíåíèå cos θ∗ = 0, ïîëó÷èì äâà óñëîâèÿ íà ãðàíèöó,
ðàçäåëÿþùóþ îáëàñòè ñå÷åíèé σh

F è σh
B:

y = 0, C ≡ cos θ = th y.

Óñëîâèå | cos θ| < ζ∗ � òðèâèàëüíî, à | cosα| < ζ∗ � íåò:

cos

(
arccos

cos θ − th y

r
+ arcsin

sin θ th y

r

)
= ±ξ∗,

ãäå

r =

√
1− 2 cos θ th y + th2 y.
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Forward and Backward regions
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Figure 31: (à) îáëàñòè èíòåãðèðîâàíèÿ äëÿ ñå÷åíèé âïåðåä σh
F è

íàçàä σh
B â ïåðåìåííûõ y è cos θ (ãðàíèöû îïèñûâàþòñÿ óðàâ-

íåíèÿìè y = 0, cos θ = th y , cos θ = ±ζ∗ è cosα = ±ζ∗, ãäå
ζ∗ ≈ 0.986614), (á) òî÷êàìè íà äèàãðàììå îáîçíà÷åíû ðàçûãðàí-
íûå ñ ïîìîùüþ ïðîãðàììû VEGAS ñîáûòèÿ, ñîîòâåòñòâóþùèå
îáëàñòè �íàçàä�.
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Interplay of DY and γγ for AFB: numerical effect

LO, DY

LO, DY+
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Figure 32: Áîðíîâñêèå àñèììåòðèè âïåðåä-íàçàä ðîæäåíèÿ äè-
ìþîíà â çàâèñèìîñòè îò M â óñëîâèÿõ CMS LHC: ìåõàíèçì
Äðåëëà�ßíà (òîíêàÿ ëèíèÿ), ñ ó÷åòîì îáîèõ ìåõàíèçìîâ �
Äðåëëà�ßíà è ôîòîííîãî ñëèÿíèÿ (æèðíàÿ ëèíèÿ).
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Interplay of DY and γγ for AFB: explanation

Òàê êàê áîðíîâñêèé ïðîöåññ ôîòîííîãî ñëèÿíèÿ èìååò ÷èñòî
ýëåêòðîìàãíèòíóþ ïðèðîäó, äëÿ íåãî

Aγγ
FB = 0,

îòêóäà çàêëþ÷àåì, ÷òî

σγγ
F = σγγ

B = ∆.

Ñå÷åíèå ôîòîííîãî ñëèÿíèÿ ñòàíîâèòñÿ ñðàâíèìûì ñ ñå÷åíèåì
ïðîöåññà Äðåëëà�ßíà òîëüêî ïðè áîëüøèõ M. Ðàñêëàäûâàÿ
àñèììåòðèþ, îáóñëîâëåííóþ ñóììàðíûì ýôôåêòîì, â ðÿä ïî ∆,
ïîëó÷èì

ADY+γγ
FB ≈ ADY

FB

(
1− 2∆

σDY
F+B

)
.

Îïèñûâàåìûé ýôôåêò ïîíèæåíèÿ àñèììåòðèè ïðè áîëüøèõ M
âèäåí íà ðèñ. 32, íà÷èíàÿ ñ M∼300 ÃýÂ.
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AFB for Run3 of CMS LHC: µ+µ−, DY

Figure 33: Àñèììåòðèÿ âïåðåä-íàçàä AFB äëÿ µ+µ−-ðîæäåíèÿ:
(à) |y | < 1, (á) 1 < |y | < 1.25, (â) 1.25 < |y | < 1.5, (ã) 1.5 < |y | < 2.5.
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AFB for Run3 of CMS LHC: e+e−, DY

Figure 34: AFB äëÿ e+e−-ðîæäåíèÿ: (à) |y | < 1, (á) 1 < |y | < 1.25,
(â) 1.25 < |y | < 1.5, (ã) 1.5 < |y | < 2.5.
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AFB for Run3 of CMS LHC: µ+µ−, DY and γγ
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Figure 35: Àñèììåòðèÿ âïåðåä-íàçàä AFB äëÿ µ+µ−-ðîæäåíèÿ.
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Conclusions

⋆ The NLO EWK+QCD to Drell–Yan process in fully
differential form have been studied. The results expand in
Sudakov and collinear logarithms.

⋆ The new W -method does not use any nonphysical di-
vision of phase space on soft and hard parts of photon/gluon
emission region.

⋆ At the parton/hadron level FORTRAN code READY
gives a good coincidence for cross section and AFB with other
groups and fast convergence.

⋆ γγ-fusion mechanism is important contribution in AFB.

⋆ It has been ascertained that the considered in Run 3
region radiative corrections change the cross section and AFB

very significantly.
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ïëàçìà è Âñåëåííàÿ�).

⋆ ×èñëåííûé ðàñ÷åò íàáëþäàåìûõ âåëè÷èí â ðåæè-
ìå Run3/HL LHC ÷àñòè÷íî ïðîâåäåí íà Ãåòåðîãåííîé ïëàò-
ôîðìåHybriLIT Ëàáîðàòîðèè èíôîðìàöèîííûõ òåõíîëîãèé
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