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Radiative corrections and future colliders

@ Calculation of the radiative corrections —
accurate predictions of the high energy processes

@ Tests of the Standard model
@ Search for New Physics

@ e'e  annihilation - for future lepton
(electron-positron) colliders: ILC, CLIC, CEPC,
FCC-ee
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Electron-positron colliders

LEP - CERN, Switzerland

CERN Accelerators

ALEPH 1/;\\ OPAL

Max energy - 209 GeV
Worked until 2000
Results: discovery of Z and W-

T bosons, observing creation and

s decay of Z-boson, details of

AR electroweak interaction, three
w generations of fermions
Je @ == Closed to build the LHC
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Future electron-positron colliders

CLIC - Compact Linear Collider,
CERN

. . I T B 7,
ILC - International Linear T )
N 1.5 TeV - 29.0 km (CLIC1500)

Collider, Japan S e iciow
250-500 GeV — 1 TeV A Sk

by CERN, cds.cern.ch/record/2297076,
CC BY 4.0, commons.wikimedia.org
/w/index.php?curid=81510139
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Future electron-positron colliders

FCC - Future Circular Collider,
CERN
FCCee - 45-175 GeV

CEPC - Circular Electron
Positron Collider, China
240 GeV

FcC
ircumference!
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Electron-positron colliders

Opportunities:
e Higgs factory

@ measurements the properties of the Z and W
bosons

@ generate top-quarks
@ study strong interaction

@ find new particles interacting with the SM
particles
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e~ annihilation

€

et +e =
@ photon
e Z° boson
@ pair of photons
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°

pions

hadrons...
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New physics

Dark matter candidate heavy right-handed
neutrino (RHN)

ILC - 250-500 GeV — 1 TeV

CLIC - 380 CeV — 3 TeV

ete” — bb+ x




e"e” annihilation to v*/Z%

eJref N ’}/*/ZO*




Initial state radiation corrections

e+
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Parton distribution functions approach

@ Based on perturbation theory

@ Allows to calculate the most significant
(logarithmic) corrections

@ Expansion in powers of coupling constant and
the large logarithm

Large logarithm

~
I
g I\)P:I\)

(1 - factorization scale
fto - renormalization scale (in QED po = m,)
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n distribution functions approach

Parton distribution functions (PDFs)

A function Dj(x, s) describes the density of the distribution of the massles
parton of type i (in QED - electron, positron or photon) in the initial
massive electron . x is the energy of the parton relative to the total energy
of the particle which emitted it. Structure functions correspond to
transition of a massive particle to a massless, and fragmentation functions
to transition from massless particle to a massive one, which can be
observed.

Splitting functions

Pjj(x) describes the probability density of a transition of a parton j to a
parton i with the energy x.

Splitting functions and PDFs are independent of the process

Massless Wilson coefficients

0jj(x) contain information of the process.
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@ Parton model of the hadron interactions was
suggested by R. Feynman in 1969

@ Then partons were associated with the quarks

@ Parton distribution function approach was
developed for QCD by

@ They derived evolution equations of the parton
distribution functions in QED (DGLAP
equations)

@ An analogous approach was developed for QED

and the DGLAP equations were reduced to
QED by by E.A. Kuraev and V.S.Fadin




Evolution equation

dd(x)

DD (x, 1%) = (1 = x) + 5-dP(x)
™
(0%
DD (x, 1?) = 5-dD(x)
) = 500

htx (In Z‘; 1-21In(1 —x)ﬂ
: |

l_X(—l—ZIn(l—x))}

+
1+(1—x)?
dP(x) = —f(ﬂnx—i— 1)
dg)(x) =0
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Evolution equation

Dypa(x, [1,2 p3) = 5(1 — X)0pa +

dta(t dy X
Dia 7t7 Pi -
Z/ ot /y (y Mo) b (y)

i= eew

Iterative solution

pw — pO 4 &

ee ee 2 T

(Pee® DY 4 Puy @ DD 4 P @ DY)
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Evolution equation

DYP(x, #) = DY + 5= (Pee ® D + Py ® DY + Pz © DY)
= 5(1 = %) + dD() + - (PO + %Pﬁ?) @ (5(1 = %) + dD(x)
+(P§§) + ;P§§)> @ di(x) = (1 = x) + 5-dD(x) + - LPLY
DW(x, ) = DY + 5 (P © DY + P @ DY)+ o © DY) = df¥(x)

ol ee ye

(6]
> PO + EP%)) ® dB(x) +

+dD(x)) = id(l)(x) + gLP(°>

& (p0) . & p(1) _
2 (P'Ve * 27TP'YE> ® (6(1 x)

D0 = 0 + (0 & DY+ PY 5 02+ P9 5 D) =0
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Running coupling «

2 a(po) B a(0) (10 2
o) = 1+ N, o, 2(0)) a(o){l o <_3 " §L)

( ) ( 1302845 + 4¢3 — gL + gB) +0 (043(0))}

P. A. Baikov, K. G. Chetyrkin, J. H. Kuhn, C. Sturm, Nucl. Phys. B 867
(2013), 182-202

Gorishnii, S. G., Kataev, A. L., Larin, S. A., Phys. Lett. B 273 (1991),

141-144
() = a(O){l 4 %(:) (%L) }
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Cross-section

2
do’zla\LL—?cd = Z /dzl/d22Dstr 2, ,UO)Dstr( 7Zg)

iJ,k,1

X

(da,.j (21, 22) + A5 (D, (21,22) + O(02L%))
/ldyl I@Dﬁ“g(ﬂ /L%)Dfrg(ﬁ 'LL%)JFO )
i) Yo Yy 27T Yy 2 G

n 2

[e's) k
NLO _ 4 (0) K / k| k=2
doN0y = do®D 31+ (g) 3 il + O(akLk?)
k=1 I=k—1
Leading logarithmic approximation: a*L*

Next-to-leading logarithmic approximation: a*L*~1
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PDF evolution equation in QED

Convolution and regularization:

(F 2 8)() = / dz / dy F(2)g(y)i(x — y2) = / %285
0 0 X
)

0 = m,

N

fo(x)O(1 — x — A) + fad(1l — x)

[ atrlet) -

z

ot () [£()0(x ~ 2) - ¢(1)

o _ .

1-A

- 0/ fo(z)dz




Splitting functions

14 x2
PO = [T] L Q=2 ra-xt PG =0
14 (1 —x)?
PO (x) = % PO (x) = %5(1 —x),
2
Pgi)NS(x) = C? ((72|nxln(1 —x) — g Inx) llt); - (g + gx) In x—

2
_%(1+X)In2x— 5(1 —x)) + Cr Ty (—% Inx — %jllt); - %(1 —X)) +

2
+8(1 — x) (cf2 (g —g+6<3> — G Ty (%+ 2%))

+
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Cross-section

dJée

ds’

+D'ye & Deé & &e’y + Dée & Déé & &éé

+Dée & D’yé®&é~/ + Dée & Deé®&ée

= U(O) [Déé & Dee ® 5—56 + D'ye ® Dee ® 5—67
+Dee & Deé & a'ee + D’ye & Déé ® 5—5’\/ + D’Ye ® D'Yé ® 5—77

Table: Orders of different contributions

b -
2 o e

Dee Dez0ez D’yeDeeUeﬂy DeeDezoee
LO (1) NLO (a2L) | NNLO (a®L2)

Y D’yeDééo—éfy D’yeD’yéo—’y’y D’yeDeéUe’y
NLO (a?L) | NNLO (a*L?) | NLO (aL?)

e Deze Dzzozs DzeDys05y DzeDezoze

NNLO (a*L?) NLO (a*L3) LO (a*L?)
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Large logarithm

=

2
=26 L:%—I—Inz
0

2
0
(1 - factorization scale

fto - renormalization scale (in QED uo = m,)
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Blumlein scheme ( Blumlein et al., Nucl.Phys.B 855
(2012), 508-569, Berends, Van Neerven, Burgers,
Nucl.Phys.B 297 (1988), 429,):

2
50 (x) = %llt’; (2In(1 — x) — Inx)
Our scheme
2
500 = 22X 0101 x) +Inz — Inx)

T 1l—x




Conditions for 52?(x)

06 (x) = 55 (x) + 2-— [ Q(x)

m2
+dD(x)] @ o 2(x)L+ O (F)




+old @ (PP @ PP + PO & PY + P

40

e (2P§?} + PO @ PY + PO g PO 43P0 ¢ P

o))
e Yy ee ye
4

+o oD+ oD @ (PO e PO +2PQ + 2P0 @ PO)

9

2
0 1 0 1
‘)®P(E)+7P(E)®d"(5)

20 4
0 1 0 0 0 1 1 0 0
+PO) & dY) @ P — EP(EW) ® PO + §P§e) +2d) ® PO @ PO
13

p
27 ¢

= PO 43P0 @ PO © d +4PY o PY + 2P @ o

S PO @ PO 4P 0 PO & dd));
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11 1 o 1
== PP+ PP o PR PO 4 3P @ P PY)

1 0 1
+53PS 0 PR e PR e PQ + 5P 0 PR @ P o PY)

A p) L 2p0) ¢ pl

0) o plO)
27 e 3 ee ey ® e

2
+§P§2) ® PO @ PO @ PO +

1 0
+5PRPYPRYPY

1 50) o pl0) o p(0) & p(0) 4 22 502, 17 p(0) o pl0) o pl0)
+5PQ @ P @ PR & PR+ SZPQ? + PO @ PY) @ P

+gP§2) ® PQ & PQ + % ® PQ @ PO @ PO @ P
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@ Calculation of radiation correction is necessary
to predict and describe high-energy processes

@ Electron-positron annihilation process can be
used to test the SM and to search for new
physics

@ Electron and positron can annihilate to a dark
matter particle at future collider energies

@ We calculated ISR correction to the process
ete” — 4% /7%

@ Our main point is a different factorization and
expressions of the Wilson coefficients

29 Uliana Voznaya et e™ annihilation



Thank you for your attention!
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Splitting functions

1+ x?
R e I O R R A (TP LOR
— .
14 (1 —x)? B
PO (x) = (X ) ng(x):?f’(s(l_xy

Pé,ly)(x) =CrTr(4—9x— (1 —4x)Inx — (1 — 2x) In®x 4+ 4In(1 — x)+
+ (2(In(1 = x) — Inx)2 — 4(In(1 — x) — Inx) — 4¢(2) + 10) Pgi)(x)) ,

1
P.(Yle)(x) = C?(fg - gx+ (2+ %X) Inx — (1 - EX) Inx? — 2xIn(1 — x)

~ai( -+ 00— )P ) + ¢ (-4 - (B4 02 ),

14 x? 3 7
PN (x) = 2 ((—2|nx|n(1 —x)— glnx) RS (7 + 5x) In x—

1—x 2

1 2 101+x2 4
75(1+X)|n2X75(17X)) + CeTr <7§Inx7—7+); ,,(1,X)) +

+6(1 - x) (Cf (* 5 +6<3> — Gl (% * %7#))
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