Introducti Factorizati PP h Parton R ization Approach Z-boson production in the LO PRA Z boson production in the NLO* PRA New results in th

(e} [e]e]e} 0000000 00000 00 0000000000

Lepton angular coefficients in the Z—boson production in the high-energy
factorization approach

Omelyanchuk S.!, Saleev V.12

ISamara University
2 Joint Institute for Nuclear Research

April 3, 2024
JINR, Dubna

1/33



Introducti Factorizati PP h Parton R ization Approach Z-boson production in the LO PRA Z boson production in the NLO* PRA New results in th
00 000 0000000 00000 00 0000000000

° Introduction

e Factorization approaches

o Parton Reggeization Approach

e Z-boson production in the LO PRA
° Z-boson production in the NLO* PRA

° New results in the NLO*

o Conclusions

2/33



Introduction Factorization approaches Parton Reggeization Approach Z-boson production in the LO PRA Z-boson production in the NLO* PRA New results in th
[ 1o} 000 0000000 00000 000 0000000000

Introduction

Inclusive Z—boson production at the LHC

p+p—7Z+X

Drell-Yan processes as tools to search PDFs (in CPM, TMD PM and ky—fatorization (HEF))

@ g+g—y —put+us

@ g+g—>Z—ut+u-
@ gt+tg—~H—->y+7y

0= \/(qu+ +4,-)*, mz, my>>Agcp

Final states in the DY processes are colorless = hard-soft factorization

Hadronization in the final state is absent = more simple for experimental analysis
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Introduction

CMS, ATLAS and LHCb at 7, 8 and 13 TeV

@ Total cross sections
@ Transverse momentum spectra of Z—boson

@ Lepton angular coefficients Ag—A7 in Z— putu(ete)

NLO, NLO+jet, NNLO calculations in the CPM, pr >5 GeV

@ LO:g+qg—~Z

@ NLO: g+g—g+Z + 1-loop QCD and EW corrections

@ NNLO: g+g—Z+g+g + 2-loop QCD and EW corrections
@ At small-p; one has the resummation of large log(mz/pr)
(]

Monte-Carlo "kitchen", which includes Parton Shower (PS), Underline Events, DPS effects ...

NLO+NNLL calculations in the TMD PM, 0 < pr < 15 GeV

LO calculations in the HEF, all pr << /s
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Factorization approaches: CPM, TMD PM and HEF

Collinear parton model

@ pr>>qior ~1 GeV and pp ~\/mi + pk
dc™®(pp —ZX) = /dx1 /d)Cqu(-xl1.“F)f1j()€2,ﬂp)d6(q+q*)Z+g)+ﬁ(AZQCD/“fZ‘)

@ DGLAP evolutions for f;.(x, 1) with kr-ordering during QCD evolution of partons equations
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Factorization approaches: CPM, TMD PM and HEF

TMD PM originally by Collins, Soper, Sterman

@ pr ~qior and Agep << pr << lUp

do™P (pp — ZX) /dxld t]lr/dxzd GarFy(x1,q17, Mr, By ) X XFy(x2, qor, Mr, My )d6 (q+§ — Z) + O(< qF > /u7)

do™P(p+p — ZX) d’b
PR S —— M il
dprdy oofs, Z’”F)./ (2717)26
where Fq/,,(x,b,y@) is universal TMD PDFs with evolution.

X Fyypy (x1,b, 18, 61) Fgyp, (x2,b, 1, &) +Y (Mz,y,pr) + suppressed corrections

Fyp(x,b,10,8) S Fyyp(x,kr, 1, )
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Factorization approaches: CPM, TMD PM and HEF

HEF for hard processes in Multi-Regge-Kinematics, Agcp << pir << /s or x << 1

HEF — Parton Reggeization Approach (PRA)

Parton Reggeization Approach smoothly interpolate between regions p;y << ur and pr ~ ur

dx, d®qir [ dx, d?
do"™ (pp — 2X) = /711%/7; Z_ZI D¢ (x1,G17, U7) P (%2, Gor, 17 )dETFA (00 — Z)

! 2 2 )
q’;’_z:XLZPﬁz‘F(IT_zr: Q121 70, 12 =4q12r = —Gior

Instead of TMD PM, initial partons in HEF are off-mass-shell (Reggeized) and gr ~ pr ~ lip

For details of the PRA, see following publications:

@ 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

@ M. Nefedov and V. Saleev, Off-shell initial state effects, gauge invariance and angular distributions in the Drell-Yan process// Phys.
Lett. B 790, 551-556 (2019)

@ M. A. Nefedov and V. A. Saleev, High-Energy Factorization for Drell-Yan process in pp and pp collisions with new Unintegrated
PDFs // Phys. Rev. D 102 (2020) 114018 7/33
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Parton Reggeization Approach

MRK factorization
can be arbitrary, O

<land g <<dq,,q

<< ‘ﬁv q7/

kl — %‘]{?3

Q0000000

20000000

— — —

ko — %:k’;;

off-shell quarks

(2013)]

MMRK factorization, from 2 —

We consider auxiliary hard CPM subprocesses:

4q+3—= 7 +g+g=>0+0— 7"
g+e—=Y +4+3=0+0—>7
g+e—= YV +q+g=>0+0—v

(+-) Sy
Ty (q1,02) =W—41—= —§q—
9> q,

3 to 2 — 1 with Reggeized

1)

The Fadin-Sherman vertex [V. S. Fadin and V. E. Sherman,
JETP Lett. 23, 599 (1976)] which we have applied in the
case of Drell-Yan process for the first time in [M. Nefedov, N.
Nikolaev, and V. Saleev, Phys. Rev. D 87, 876 014022
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LO mMRK factorization formula

Auxiliary hard CPM subprocess:

q(k1) +q(k2) — g(ks) + 1" (q) +g(ka),
where K2 =0, k; =0, & =0, kf =0.
Kinematic variables (0 <z, < 1):
M-k k—k
kfr T ky ’

i1 =

There are two limits where |.#|? factorizes:

@ Collinear limit: k%;,.q} < 07, z;, — arbitrary,

© Multi-Regge limit: z), < 1, kj;,, g7 — arbitrary.
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LO mMRK factorization formula

Multi-Regge limit: 7, < 1, kZTH — arbitrary:

4g 5 5 |- pral*
[ Prrk ~ 755 Pag (1) Pyq (22)
kiskg, * “ az

where |@pra|? is the gauge-invariant amplitude O, (q1) +0-(¢2) — ¥*(q) with Reggeized (off-shell) partons in the initial state.

In MRK regime we can use Lipatov's Effective Field Theory of Reggeized gluons and Reggeized quarks to obtain o/pgs

@ E. A. Kuraev, L. N. Lipatov and V. S. Fadin, Sov. Phys. JETP 44, 443-450 (1976)

@ L. N. Lipatov, Nucl. Phys. B452, 369 (1995).

@ L. N. Lipatov and M. I. Vyazovsky, Nucl. Phys. B597, 399 (2001).

@ V. S. Fadin and V. E. Sherman, JETP Lett. 23, 599 (1976)

@ E. N. Antonov, L.N. Lipatov, E.A. Kuraev, and I. O. Cherednikov, Nucl. Phys. B721, 111 (2005).
@ M.A. Nefedov, ReggeQCD model-file for FeynArts (2017-2019).
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LO mMRK factorization formula

|
k1 — %‘kg

Q0000000

ko — *)1]64
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Modified MRK approximation: z;, and kZT“ — arbitrary

| pral*
212

T2 8.
| |* ovri ~ qzéz Puq(21)Pyq(22)
192

where 1, =}, ,/(1—z12), Py(z) — DGLAP g — g splitting
function. This factorization formula has correct Collinear and
MRK limits!
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Factorization formula

Substituting the |.#|?\;\zx to the factorization formula of CPM and changing the variables we get:

dx d? dx; d*qr; N
do = / I/ qT]“I)("“ (1,11, 17 1) / 2/ A2 1) (xy, 1, 3, 1) - A

where x; = ¢ /Pi+, x2=q, /P, <1>("”)(x,zﬁuy) — "tree-level" unintegrated PDFs. The partonic cross-section in PRA is written as:

ApRa 1 _
dGera = w2 -2n)*8 ( 5 (gfn- +azny) +qr +qr2—q(v") | dR(y").
28x1x 2

Note that flux-factor 2x,x,S for off-shell initial-state partons should be used, ur =y = u.

Tree-level unintegrated PDFs:

1
") (1,1, 1) o (1) % by /dz Pi(2)F; (3,;&) 0 (At 1) —2),

where Fi(x,u) = xfj(x,1). The 6-functions enforce the rapidity-ordering between particles in the final-state y; > y,« > y4, for our MMRK

approximation for the squared amplitude and kinematics to be applicable. The KMR cutoff function defines the region of applicability of
mMRK:

At %) = FEav:s
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Unintegrated PDFs with exact normalization

(tree)

To resolve a divergence problem of ®;" (x,t,u?)

we follow the standard definition of the uPDF in BFKL formalism and require that:

2

/dl‘ <I>i(x7t,/.12) = F}(Xﬂyz)!
0
which is equivalent to:

@c,8%) = 4 [T, 0% R ()],

where T;(t,u?,x) is usually referred to as Sudakov form-factor, satisfying the boundary conditions 7;(r = 0,u?,x) = 0 and T;(t = u?, u?,x) = 1.

We ask exact equivalence between last ones and following (KMRW) prescription:

1

D, (x,1,11) = %(1) Tilt,12,) Y /dz Pij(Z)Fj(g.l)G(A(ZA,HZ)—Z)-

2 ! J=4:4:8 '
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Unintegrated PDFs with exact normalization

The solution for Sudakov form-factor

HA ! ’
(0 =exp |~ [ 90 (50 12) 4 a2, )
with
1 1 F(7 [)
z/"o/dz 2P;i(2)8(A(r, p?) —2), ATi(r, 12, ;n/dz 0(z 12) { P;i(z) é@;) P;(2)0(z— A)}

mMRK PDFs versus KMRW PDFs

@ The Sudakov form-factor in mMRK uPDFs depends on x
@ The rapidity-ordering condition is imposed both on quarks and gluons, while in KMRW-approach it is imposed only on gluons

@ The condition x << 1 becomes not so strong as for KMRW uPDFs

The PRA works as TMD PM at the pr << u << /s and as CPM at the pr ~u and x <

ﬂdqur /dm dqrr

do™ A (pp — 7X /
(pp )= I

- @ (x1,G17, 17) Py (X2, Gor 17 ) A4 (Q0 — Z)
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Z-boson production in the LO PRA

M. A. Nefedov and V. A. Saleev, High-Energy Factorization for Drell-Yan process in pp and pp collisions with new Unintegrated PDFs //
Phys. Rev. D 102 (2020), 114

0+0—2Z(y) = ut +pu-

7““.}[ (cilcit + ety iy,

P (C)) My + ((C?

M3y vy 2(pray ) (a7 g — ) =2pray g5 (qf (mj —1—1,) + p{(2q{ g5 + 1+ &t —2myj))
) e 1 i
+ AV WMy vy + CAMYy aa ) > s ) R
M3)? @ (2(p7)2a3 (a7 a5 — 12) +2p{ qf a5 (2 + it = m3) + g (2m}(q{ g5 + 5) = 3(F + @)))].
My p = 85(0—1+2(p{ g5 — pra;)).
where Cjj/ = C is the product of quark and lepton coupling-factors (17), while ) R S
“ AM? = 32m} (i + it — 2m}).
My vy = o pral ) (g as —n) = 2p7ai a5 (qf (m? =T —1) + p{ (2q{ g5 + 1+ —2m?))  where § = (q, + q2) y=p1)% it = (q2— p1)? and 1,5 = q},,. If instead of the process (36) one consic
a5 . 5
142 . i w . . process O(q)) + Qlqy) = " + I~ the overall sign of the Lorentz-structure M3, ,, should be flipped
Fay (2(py a3 (af a3 — 1) + 2piai g5 (2 + it —m7) + qi 2mi(q{ g5 + 3) = 3(1 + @)))].
My = 83(a—1+2(pf a5 — pray)).

AM? = 32mi (i + it = 2mj).
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B
Z-boson production in the LO PRA

The total cross section,80 < M;; < 100 GeV

ooP

Ko = W =2 117/
T T T T T m—z,“ T T T T T
w0 ATLAS-2019 ATLAS-2019

1/6 do/dqy, GeV!

theory/data

theory/data

102 108
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Introduction Factorization appi

Z-boson production in the LO PRA

To obtain angular coefficients A, we use the analytical harmonic-projectors method

do 3 do 2 Ao 2
— = ——1(1 s~ 6;) + — (1 —3cos” 6,
dQdQEdydD, 167 dQdqidy {( Feos” )+ 57 (1= 3cos™6)
A
+  A;sin26;cos ¢ + 72 sin’ 6 cos2¢; + Az sin 6, cos @ + A4 cos 6;
+  Assin’®6;sin 2¢; + A sin26; sin ¢ + A7 sin 6; sin q),} R
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Z-boson production in the LO PRA

Angular coefficients Ay (blue) and Angular coefficients A; (blue), A3 (red) and A4 (green)

— e — e e —————
1.0 - £ E
- ATLAS-2016 w0 ATLAS-2016 -
o,sf— i ]
: _ 3
0‘6:7 —: <+ E 1
o F ] < [ =l
< E 3] & F 5|
S [ B < L 3
< ] 20.10 - -
04 - - < L ]
£ Fo—01 g ]

F F = 3
: ] F *&« B
02 - i 00S & R
S E b ]
0.0 = - E ]
el MR M 000 - - t=mH ) R

100 10t 102 10t 102

qr, GeV qr, GeV 18 /33
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Z-boson production in the NLO CPM

Angular coefficients Ag, NLO and POWHEG NLO+j Angular coeffici 3 NNLO and POWHEG NLO-j

R

10 “
P2 [GeV] 2 [GeV] P2 (GeV] p2(GeV)

P2 (GeV)

p2(GeV) P 1GeV]
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Z-boson production in the NLO* PRA

Quark-gluon (Compton-like) scattering is studied . E—
Quark-antiquark annihilation is neglected due to smallness (+

R+0—Z+q—q+pt+u- necessity of virtual corrections)

- 0+0—Z+g—g+p+u"
R+Q—=Z+G—g+put+pu- § e
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KaTie

MC parton-level event generator KaTie

@ A. van Hameren, "KaTie : For parton-level event generation with kr-dependent initial states," Comput. Phys. Commun. 224
(2018), 371-380

@ uPDFs from TMDIib: https://tmdlib.hepforge.org/

@ Output files are in LHEF format (Les Houches Event File)

Abstract

KATIE is a parton-level event generator for hadron scattering processes that can
deal with partonic initial-state momenta with an explicit transverse momentum de-
pendence causing them to be space-like. Provided with the necessary transverse mo-
mentum dependent parton density functions, it calculates the tree-level off-shell ma-
trix elements and performs the phase space importance sampling to produce weighted
events, for example in the Les Houches Event File format. It can deal with arbi

trary processes within the Standard Model, for up to at least four final-state particles.
Furthermore, it can produce events for single-parton scattering as well as for multi-
parton scattering.
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KaTie

MC parton-level event generator KaTie

© The approach to obtaining gauge invariant amplitudes with off-shell initial state partons in scattering at high energies was proposed
in the Ref. [ A. van Hameren, P. Kotko, and K. Kutak, JHEP 01, 078 (2013), 1211.0961]. The method is based on the use of
spinor amplitudes formalism and recurrence relations of the Britto-Cachazo-Feng-Witten (BCFW) type.

© This formalism for numerical amplitude generation is equivalent to amplitudes built according to Feynman rules of the Lipatov EFT
at the level of tree diagrams. It has been tested numerically at least for 2 — 2 and 2 — 3 [Nefedov, Saleev, Shipilova, Hameren,
Kutak, Maciula, Szczurek, 2019].

© The accuracy of our numerical calculations using KaTie for total proton-proton cross sections is equal to 0.1%.
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Results
Collaboration /S TeV 0% [nb] o™ [ub]  ¢V'O [ub] atheer [ub|
NTLASCOIT) 7 07Tyt 030hE 010 049y
cuts: P > 20 GeV [n#] < 2.4 |n7/1| < 2.4 46 < my4 - < 150 GeV
| CMS(2014) 8 04107505 03017550 0150%05s 0450000 |
cuts: P > 25 GeV [ < 2.1 [n7/1] < 2.1 60 < iy, < 120 GeV
| ATLAS(2020) 13 O.73L'GE7 0451°088 03424400 0796008 |
cuts: P > 27 GeV [ < 2.5 [n7/1| < 2.5 66 < My, - < 116 GeV
\ LICh(2022) 13 0.196 008 0.1501000  0.05310 017 0.2037500% \
cuts:  ph > 25GeV 2.0 < | <45 2.0 < [n¥ <25 60 < myp,- < 120GV
| CMS(2017) 8 005G 032755 0169155 04961004 |
cuts: ph > 20 GeV [ < 2.1 I/ < 2.1 60 < my+,~ < 120 GeV
| = m#/2 ‘
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Z-boson spectra in LO and NLO* of PRA

ATLAS, /s =13 TeV, p% <100 GeV . Vs=13 TeV, p% > 100 GeV

VS =13 Tev — LO+NLO VS =13 Tev — LO+NLO
- L0 -—-- L0
= ATLAS(2020) JF  ATLAS(2020)

, hb/GeV

do
felef3

Theory/Data
Theory/Data
L
——

20 40 60 80 100 500 1000 1500 2000 2500

g%, GeV g%, GeV
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Z-boson spectra in LO and NLO* of PRA

101 107t
1072 = =
1072
> o
o Q
Pe) . Q 0
c c
N _ o —
3 T 10 VS =8Tev S|S VS =13Tev
—— LO+NLO 0% —— LO+NLO
- L0 ---- LO
07t CMS(2017) e +  LHCb(2022) N
s 3 82
§2 j\J_I 5
B !
= F
1071 107 107 10 107 107 10°
g%, GeV g%, GeV
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Z-boson spectra in LO and NLO* of PRA

Master formulae for A,
Event File is transformed to the Collins-Soper frame of
Z—boson

K (k
(P(6,)) = ZP(GI( >,¢())
ev
M
EYCS) =
(&) 5 7 7
Ll (ph)* — (W) _ (v — %)
VTS y ¢ [ (p5)? (Pt ‘
P.(CS) sin 0%, cos ¢lrg = =
: 2 : h M -2 < )
\_[ o m Zm é“ ~3cos?0)) = i(ﬁ\o = %)' (sin 26 cos ¢) = %AH (sin® B cos 2¢) = mAy'
‘(s e e 2 ; :
py(CS) 5 sin Ocg Sin dog = p - =Dy (sin O cos ¢) = —A; (cosf) = %,44; (sin® Osin 2 = -
¢ . M 53 7Rt :
I)L(CS) 2 o 0( o % ’ (sin26sin ¢) = %Ar,: (sin@sin ) = —
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Angular coefficients in LO and NLO* of PRA, CMS

LO+NLO Vs =8TeV LO+NLO Vs =8Tev
1<y’ <21 1<|y?|<2.1
1of == LO 10l —— LO
+ cms N i +  cms
03 N : I 04|
I —t
0.4 i 0.6
2 —— 2
o - 0s
-
02 g 02
.
0.0 =1 0.0]
£ 160 50 260 750 300 Y 160 150 760 750 300
q%, GeVv G%, GeV
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Angular coefficients in LO and NLO* of PRA, CMS

035 VS =8Tev LO+NLO 0% LO+NLO VS =8Tev
1<ly’<21 1<|y?|<2.1
030 —— Lo L)
e i + cms 0200 CMS
0.25 p=== I
! e

020 | 01,
. - .
L os) i <

i 019 e —
otf T == e
g i
oosf _ 005
+ i
0.0
000
55 T3 55 =5 500 T T 305 w5 500

T80
g% [GeV] g%, GeV
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Angular coefficients in LO and NLO* of PRA, ATLAS

ATLAS, /5=8 TeV, |y?| <3

Introduction Factorization approaches Parton Reggeization Approach Z-boson production in the LO PRA Z-boson production in the NLO* PRA New result:
000

000000

LO+NLO Vs =8Tev
1.0
<35
- Lo r= 1
=3 1
0sl T ATLAS -
==l i
L i
0 [
g w
C3 I
04 (J
02
O ——

LO+NLO
- L0
F ATLAS

VE=8TeV
y?<3.5
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Angular coefficients in LO and NLO* of PRA, ATLAS

ATLAS, /s

0.30 LO+NLO Vs=8TeV - 012 LO+NLO Vs=8TeV
.5 T y?<35
---- L0 A ---- Lo
01 1 ATLAS : o ATLAS B
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Angular coefficients in LO and NLO* of PRA, LHCb

LO+NLO Vs =13Tev LO+NLO Vs =13Tev
0.7} y:>2 07 y:>2
---- L0 ---- L0
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Angular coefficients in LO and NLO* of PRA, LHCb

LO+NLO \’?ZBT@L 777777777777777 ' 0.12] LO+NLO V§=13Tev. ]
035 yi>2 y:>2
- L0 : ---- L0
osf " LHCD

6
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Conclusions

@ The lepton angular coefficients A, are calculated in NLO* kr —factorization for the first time.

@ The NLO* correction improves the description of angular coefficients measured by CMS, ATLAS and LHCb collaborations at the
LHC

@ The best choice for hard scale is u =m#% /2.
@ PRA predictions coincide well with data up to pr ~200 GeV

We demonstrate (once more) the equivalence of semi-analytical calculations based on Lipatov Effective Action in high energy QCD
and numerical modeling in the MC KaTie.

@ Processes pp —Z+j, Z+ j+j,.. are in study
@ The results for pp —Z+J/y(Y) are published: A. Chernyshev and V. Saleev, Int. J. Mod. Phys. A 38, n0.35n36, 2350193 (2023)

Thank you for your attention!
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