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Introduction, I

o The Drell-Yan(DY) process of production of lepton pairs with large
invariant mass in hadronic collisions is one of the most important test
of perturbative QCD, as well as the unique source of information about
partonic structure of hadrons.

o We discuss DY process in the framework of the parton Reggeization
approach (PRA), which includes off-shell initial state effects in a
gauge-invariant way.

@ Structure functions or angular coefficients, which parametrize the
angular distribution of leptons in the rest frame of the lepton pair are
often under consideration. Behavior of these observables in the region
of relatively small ¢r < @ will be the main subject of the present paper.



Off-shell initie E ri amplitude in Drell-Yan pr

Introduction, II

o Un-physical divergence at gr — 0 is regulated through the
resummation of higher-order corrections in «; enhanced by log?(qr/Q)
and log(gr/Q) through Collins-Soper-Sterman formalism (CSS), which
later has been reformulated in a form of Transverse Momentum
Dependent (TMD) factorization theorem.

o In TMD-factorization, the hard-scattering coefficient (HSC) doesn’t
depend explicitly on the transverse momenta of colliding partons.
Instead, it is calculated with on-shell initial-state partons and
corresponding partonic tensor automatically satisfies the QED Ward
identity
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Introduction, III

o However, it is possible to develop a complementary approach to TMD
factorization, starting not from the collinear limit but from
Multi-Regge limit for QCD scattering amplitudes

o In PRA, the HSC, although being gauge-invariant, nevertheless
explicitly depends on the transverse momenta and virtualities of
initial-state partons. Below we demonstrate, that this dependence is
important for the calculation of the helicity structure functions in
DY process at gr << Q
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LO PRA framework
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LO PRA framework

For details, see

[A. V. Karpishkov, M. A. Nefedov, V. A. Saleev, BB angular correlations
at the LHC in parton Reggeization approach merged with higher-order
matrix elements. Phys.Rev. D96 096019 (2017)] .

o The aim of PRA is to improve the description of multi-scale
correlational observables (|q;| ~ Q) in comparison with the fized-order
CPM calculations.

o The wider task is to understand the role of transverse momentum in
Initial-State Radiation (ISR) and put it under theoretical control at the
level of quantum field theory at all transverse momenta, 0 < |qr| < Q.

e To provide predictions with controllable accuracy and understand our
formalism better we can go to NLO in PRA.

o M. Nefedov, ’On the one-loop calculations of multiscale quantities in Lipatov’s EFT 7, Talk at
this Conference.

e M. Nefedov and V. Saleev‘From LO to NLO in the parton Reggeization approach”, EPJ Web
Conf. 191 (2018) 04007.

@ M. Nefedov and V. Saleev,“DIS structure functions in the NLO approximation of the Parton
Reggeization Approach,” EPJ Web Conf. 158 (2017) 03011.

@ M. Nefedov and V. Saleev,“On the one-loop calculations with Reggeized quarks,” Mod. Phys.
Lett. A 32 (2017) no.40, 1750207.
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LO PRA framework

In order for Gauge Invariance to be satisfied, in addition to the
annihilation diagram, one must also take into account the direct interaction
of the photon with the proton or its fragments:

o Such a consideration in the general case does not lead to a simple
factorization formula.

o However, in the multi-Regge limit, factorization is possible, it is
MRK factorization.
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Derivation of the LO factorization formula

[A. V. Karpishkov, M. A. Nefedov, V. A. Saleev, Phys.Rev. D96 096019

(2017)]
Auxiliary hard CPM subprocess:
q(p1) + a(p2) — g(k1) + U(Pa) + g(k2),
p1— ki— Modified MRK approximation: z; 2 and
—D—Ywmm—h— - . _ _ 77_'
! | . q71. — arbitrary (¢ = 21p{, g5 = 22p; ):
@l : } » Ve
! TAATZ Js PRA
. IMP? Rk £ qu(zl)qu(ZZ)iz >
Lq— I 14z 12
@1 f : } where gi 2 = —q71,2/(1 — 21,2), has correct

| | collinear and Multi-Regge limits!

Conjecture: mMRK approximation is
reasonable zero-approximation for exact
|M|? away from collinear limit.
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Factorization formula

Substituting the |[M|? ,rk to the factorization formula of CPM and
changing the variables we get:

dx d? dx d? .
/ 1/ ari g St / 2/ arz g (s, ta, 1%) - dovma,

where 21 = ¢i /P14, 2 = q5 /Py, ®(x,t, u?) — “tree-level” unintegrated
PDFs, the partonic cross-section in PRA is:

|Apral?

dé =
TPRA 2x122S

1 _
’ (27T)45 (5 (qfnf + 42 n+) +qr1 +qr2 — PA) dd 4.

Note the usual flux-factor 2z;x2S for off-shell initial-state partons.
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LO unintegrated PDF

The “tree-level” unPDEF":

1
~ 1la T x
q)q(x,t,,uQ) = ;ﬁ Z; [ a(2) fq ( y K ) + Pag(2) fg (;7152)} .
contains collinear divergence at t — 0 and IR divergence at z — 1.

In the “dressed” unPDF collinear divergence is regulated by Sudakov

formfactor T'(t, u?):

1

T t7 ? Oést cut T x
O, (z,t,1*) = "(t“) X 2;)/dz 6 t;{qu(z)fq (;7;12)—&-

xT

x
+  Pyy(2)fa (;7:“2)]
where: 05" =6 ((1 — Axmr(t, u2)) — z), and the
Kimber-Martin-Ryskin(KMR) cut condition [KMR, 2001|:
\[
NEER

follows from the rapidity ordering between the last emission and the

hard ciihnracoaco

Armr(t, )
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LO unintegrated PDF

When AKMR(t,,u2) << 1, (DY: qr << Q)

By (z,t, 1) ~ % [T,(t, ©?) - fq(x,t)] | < derivative form of unPDF (1)

= LO normalization condition: (since T(0, ) =0, T(p?,p?) =1)

wfole i) = / " by () e (2)

0
KMR unPDF:

o can be related to MRK, the same as Lipatov’s ET.
contains In(Q?/A?), In"?(Q?/¢%).
High-energy resummation (In(1)) are absent.

at the t < to we put ®(z,t, u?) = f(z, u*)(a + b*t) and matching point
isto =1 GeV.
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General Scheme of PRA

Collinear Parton Model
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Gauge-invariant off-shell amplitudes

| Apra|? is obtained from Lipatov’s gauge-invariant effective theory for
MRK processes in QCD |[Lipatov 1995]

Feynman rules for Reggeized gluons:[Antonov, Lipatov, Kuraev,
Cherednikov 2005].

Feynman rules for Reggeized quarks : [Lipatov, Vyazovsky, 2001].

Effective vertex for Q@ + Q — v* — [Fadin, Sherman, 1976]:

+
T

Fﬂ(qlan):’Yﬂi(jln%ti ¥ - (3)
qs 9

The QED Ward identity (g1 + ¢2)*T'.(q1,g2) = 0 is satisfied by this vertex
for any ¢1 and g2.
The first use for description of DY process:
M. A. Nefedov, N. N. Nikolaev and V. A. Saleev, "Drell-Yan lepton pair
production at high energies in the Parton Reggeization Approach,” Phys. Rev. D
87 (2013) no.1, 014022
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Structure functions for DY process in PRA

do o?

= L, W
dQ?dg2.dydQ ~ 64m3SQ* ’

where y is the rapidity of virtual photon (or IT1~ lepton pair),

dQ) = d¢d cos 0 is the spatial angle of producing positive lepton in the rest
frame of virtual photon.

The convolution of hadronic and leptonic tensors reads as a sum of
contributions of the so-called helicity structure functions Fjy2°%® #¢°52%;

do o oo @) 2
Trdrofardn = agr e (reos® 0) £ B (1 co?0) +

+  F5? sin(26) cos ¢ + F((JC;])S 2?) . sin? 9 cos(2¢)] ,

were £, = Qeiy/\/§ angles 0 and ¢ are defined in the Collins-Soper
frame.
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With the help of factorization formula, SFs can be represented as:
S
Fig = 67207 /dtl/d% ST @b, tr, 1) RE (w2, b, 1) - g f ), (4)
q

where t2 = (qr — qr1)?, Q% = Q? + ¢% and e, is the quark electric charge
in units of electron charge.
The partonic tensor:

PRA 1 9z .+ qir o
Wy :Ztr 7” Fu(qlqu) 7” F”(ql’qQ) ’

Projecting the partonic tensor on transverse, longitudinal, single spin-flip
and double spin-flip helicity states of the virtual photon, one obtains the
following expressions for partonic SFs in PRA:

2
PRA PRA — (ar1 —ar2)”,

[ Q2 2 g7
F(’CP({)Z¢) = qT(qg“l - q2T2)7 éﬁf{i 9 = 7T
T

1 ng 2
():Q_’_?T’(),
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Structure functions for DY process in PRA

dN 4
a9 " A+3

with the normalization AN
167
dQ) = —.
/ (d9> 3

The angular coefficients are presented via helicity structure functions:

(1+)\cos 0+ 2s1n 0cos2¢)

1 2 cos(2¢
RO R

= === V= —2———.
(1) (2) (1) (2)
Foy + Fyy Fog + Fgg
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Structure functions for DY process in PRA

For the calculation of cross-sections, the 72-resummation K-factor is

included: )
K = exp (CFMWQ) ,
2

with p% = Q% 3Q§/ % and pp = Qr. The theoretical uncertainty was
obtained by independent variation of this scales. Typical values of K-factor
are 1.3 — 1.8.

To justify the use of PRA at relatively low v/S = 24 GeV, which is expected
to be achieved during the operation of NICA collider in the pp-mode, we
compare our numerical results for the differential cross-section Edo/ d’q as
a function of gr, Y and @ with experimental data of E-288 Collaboration,
obtained in the collisions of the proton beam with platinum fixed target at
the same energies.
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Spectra and angular coefficients for DY process in PRA

wk "R 288 p-Pt, 4
VS=19.4 GeV (Ej,=200 GeV),
0.1<Y<0.7 il

5<Q<6 GeV, x27

% E-288, pPt, ]
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ar., GeV = 4
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Spectra and angular coefficients for DY process in PRA

. . . . . . .
E-288, p-Pt, ¥S=19.4 GeV (Ej,=200 GeV) |

10 = V1=0273 - E
4 . T T T T T T T
E M —— wk E-288, p-Pt, VS=27.4 GeV (Ep,,=400 GeV) ]
3
;‘“Z 3 E = - - Ve=0.198
H Vz=0.414 1 1 . . Vr=0229 4
s B E = - - - Ve=0273
3 £ — = =
A = - Ve=0.315 Bl
Em‘_ . = = = 1 Ne=0.4] B
5
10 L L I I I L I I =
S T T T E - Ne=0.47
v
T T T T T T T T
b E-288, p-Pt, VS=23.8 GeV (Ej,=300 GeV) |
1
Vt=0.229
100 - 3
3 V1=0.273
F] T
g I * Ve=0.315 2
2F 3 T = — =02 X x
g S A B
S J . . .
z i I EMC-effect is not included in
=0.473 .
ol | N calculations
ot . . . . . L . .
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Spectra and angular coefficients for DY process in PRA

3 4

qr, GeV

Angular coefficients v and A as function of gr. The histogram corresponds
to LO calculation in PRA. The data are from NuSea Collaboration
(Erab = 800 GeV, /S =39 GeV, 4.5 < Q < 15 GeV, 0 < zr < 0.8).
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Helicity structure functions and
Gauge Invariance
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Quasi on-shell schemes

e From the point of view of standard TMD factorization (CSS) terms
which restore the Ward identity for ¢1 2 # 0 can be viewed as
corrections sub-leading in powers of qr/Q. Therefore it is not obvious
that these terms have significant numerical effect on the SFs at
moderate gr < Q and especially for gr < Q.

o The simplest way to restore gauge-invariance, retaining the transverse
momentum of initial-state partons, is to artificially put their virtuality
to zero on the level of hard-scattering coefficient.

o Below we will compare the results of PRA with two versions of
QOS-scheme.
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Quasi on-shell scheme - I

In the Ref. [J.C. Collins, Foundations of perturbative QCD, (Sec. 14.5.2)]
the hard-scattering coefficient does not depend explicitly on qr1 and qr2,
and four-momenta of initial-state partons, which has been used for the
calculation of the partonic tensor, has been chosen as follows:

(QOS— 1 - r
(@) = (¢ (v Dn” g7 (n— 1) + 7T,
(QOS— 1 - r
(@797 = - (a" (s =D 4 g (s D) + 7, ()

where £ = \/Q2/Q? and gt = QretY, so that §i + G2 = ¢ while q‘iQ =0.
In the QOS-1-approximation, the partonic tensor reads:

1 Z Z
wi® = Ztr [‘DWQl%] ;

and the only nonzero partonic SF is fc(gl())sq = Q? while
FRs 1 = 1§52 = 15557 = 0 like in CPM.
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Quasi on-shell scheme - 2

One can try to introduce the qr1,2-dependence into the QOS-scheme. To
this end, one adds the “small” light-cone components q; and g5 to put
vectors ¢i,2 on-shell:

(@52

1
) ((h nt + == qu ) +qT17
l

(QOS— 1/(q
(G382 = 3 <qu "ty n+> + s,
2

where “large” light-cone components are determined from the condition
G +aq@=q
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Quasi on-shell scheme - 2

@ =(@QF+t —t2+VD)/(2¢7)

and
4 = (QzT —t1 +t2+ \/5)/(2q+)

where
D = (Q% — t1 — t2)* — 4t1to.
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Quasi on-shell scheme - 2

Partonic SFs in the new QOS-2 scheme are equal to:

&) 2 _ (ari—ar2)® | (@71-972)% ,(2) 2 _ (aFy-9Fp)°
fQOS 5 = Q _ am 2QT2 + T12Q2TT2 s fQos—2 = (qu _ QTQ) _ TlQi%T’z7
f(cosd>) _ Q2D qu—ng
QOS—2 el Qz
f(COS 2¢) _ _ (ari—ar2)® + Q*+QF (afy —a7y)?

QOS—2 2 2Q2. z :
In this version of QOS-2-scheme, the helicity SFs fgo)s 2 fQos 5 and
(©059) are equal to PRA results at leading power in |qz1.2|/Q,
QOS—2 g ,

however the SF fécgssz‘z;) is completely different from the PRA result. At
small gr = qr1 + qr2 the first term dominates and this coefficient is
negative.
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Numerical results for SFs

PP PP E
VS=24 GeV, 2<Q<5 GeV \S=24 GeV, 5<Q<10 GeV
0.1<x4 <0.3 0.1<x4 <0.3

(c0s 2)

Fuy'

FygCos2®

I I L L L 106
o 1 2

3 3
qr. GeV qr. GeV

Puc.: Predictions for unpolarized Drell-Yan SFs Flsllzv F((JQ[} and FISCSS 29) in
pp-collisions at v/S = 24 GeV. Solid lines with uncertainty bands — PRA
predictions. Dashed lines — predictions in the QOS-2 scheme for the default
scale-choice. Short-dashed line — plot of the (fF[(chS 2¢)) in the QOS-2 scheme,
since this SF in QOS scheme is negative at low gr.
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TMD versus PRA at gr << Q

Predictions of TMD-factorization, based solely on the
gG-annihilation picture

2
/d ard’qrs - f{(z1,qm) f{ (22, qr2) + O <Q2) ;

(2) (I?r
i~ o)

F[S'C882¢> ~ /d2qT1d2qT2 . hfq(ml,QTl)hftj(ﬂm,QTz) x

(1)
Fyo

2

. 2larari)(ararz) - a?(ariqr2) L0 ( )
2 A2 2 )
qTA Q
where f{(z,qr) and hfq(x, qr) are unpolarized and Boer-Mulders leading
twist TMD PDFS.
Predictions of PRA:

2
F[% ~ fd arid’ars - fi(x1, gr1) fI(x2, gre) + O (%) ,
q 2
Fy ~ [d*arid®arz - f{(x1,971) f{ (22, qr2) ~ O (%) ;
q 2
Féc§s2¢) ~ fd2qT1d2qT2 (@1, qr) fI (22, qr2) ~ FL(]? ~0 (ETT) 7
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TMD versus PRA at gr << Q

o The Gauge Invariance formalism leads to reduction of number of
independent TMD PDFS or form-factors.

o Numerical value of F{55%? even at ¢3 < Q? strongly depends on the
details of the procedure of restoration of gauge-invariance of the
hard-scattering coefficient.

@ On the other hand, in the TMD-factorization, based on the only one
diagram (a), the hadronic tensor does not satisfy Ward identity for
qr #0 .

o This raises serious doubts about the Boer-Mulders function as
well-defined physical quantity in TMD-factorization.
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General Conclusions

@ PRA can be applied for study of hard processes at wide energy range,
from NICA to LHC

o PRA takes into account effects of transverse momenta and off-shell
effects in the initial state in a Gauge-Invariant way.

o PRA can be applied at all values of gr/Q in DY process. One
smoothly interpolates between hard processes at low pr and large pr.

o In the PRA, instead of some other approaches, we can do NLO
calculations (real and loop’s corrections).
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Thank you for your attention!
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NLO contribution in A¢pp and A¢;; spectra

CMS B+B
\S=7 TeV
pT">56 GeV

15 2

[Ag]

Azimuthal angle difference spectra pp — BBX:

(RR — bbg) and their sum

25 3

LO (RR — bb, NLO



