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Foreword J ——

[’met Dima Bardin in theT’aﬂ of 1971 when I was a 5th

Jér e ,)r the:MoescowsStaterUniversity.and we had in.
the lectures of D. I. Blokhinzev, B. M. Pontekorvo,
L)\? , B.M. Barbashev, S.M. Bilienky, N.M. Plakida

er teachers.

’?: c-'o.~

= ,_sf.n sr"the time of the development of the Standard Model

—-'

,..-« ﬁén we knew only lights quarks: up, down and strange.

= I remember the seminars in LTHP in 1974/75 by A.E.
Efremov about the discoveries of the J/Psi particles which
gave us the c-quark. The quark structure of the nucleons

became one of the important task of High Energy Physics.
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INSY6NnItiated by NA4 experiment at CERN
HEJESHIC scattering of musnsion nucleus'weﬁarted
gapeVicalculation; of RC te deep. inelastic IN=scattering
GIRENENTIESTSEST o
5 '+ N = | + hadrons

PTiNGI1976-1978 (with D.Yu. Bardin and N.M. Shumeiko)
WENdeveloped a covariant treatment of the model
]nd_.e QED RC to deep inelastic lepton-nucleon

== scattering. We have obtained the new analytical formulae
— Without softness parameter of Mo and Tsai and in Lorenz-
~_ invariant form (Yad. Fiz., 26 (1977) p. 1251)

\WWe wrote and tested Fortran code TERAD (RADCOR)
for data processing in NA4 (BCDMS) experiment at CERN.

-

B 4
g -
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1979:1983 (with D. Yu. Bardin and G. Vaew)‘b'
HESEUME derived new analytical formul to the
PrIMaKof fprocess 0} radléﬁV?'scattermg of charged pions
Pnucieus

; n+Z>n+7Z+y
, 37 (1983) p. 360).

Wiete and tested Fortran code RCFORGYV for analysis of
i€ datc 3 in the experiment AJAKS-SIGMA at IHEP
(Serpu hov)

- 4.» -
p—— — -

e —= -
- — p——

-~"'1984 i988 (with D. Yu. Bardin, T. Riemann and O.
- Fedorenko) (Yad. Fiz., 42 (1985) p. 1204).

Developed the algorithms for the exact calculations

of the QED RC to e+ e- > p+ py- using the computer
algebra systems such as SCHOONSCHIP (CDC-6500).

—
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> (with D. Yu:"Bardin and T. Riemann) _

e first complete calculations
ions to the decay width of the neu
Nucl. Phys. B276 (1986) p. 1)

NEzugmw—

ral vector

—

‘?ae derived in this paper have been implemented

2 weak library DIZET, which became an important
die t of the well-known codes ZFITTER and TERAD91.

,_;». Lett B166 (1986) p. 111) (see below).

—
—

———

= 1985 (with D. Yu. Bardin and N. M. Shumeiko)

Calculated the alpha”*2-order QED RC to deep inelastic
lepton-nucleon scattering at SPS energies.

(Yad. Fiz., 44 (1986) p. 1517).
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936 937 938 939
Mo (Gev)

Fig 1 Graph of sin?6,, versus Mz, mfluenced by M}y through
radiative corrections The thickness corresponds to the range
30 GeV < m; < 40 GeV, the error bars indicate the accuracy
expected at Z boson factories.
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“ (with D Yu. Bardin and T. Riemann)
edla common treatment-of the mmpl&é’ﬁlel“"

=  -1996 (with D. Yu. Bardin, L Kalinovskaya and T.
Rlemann)

- Wrote a complete review on the model independent
treatment of the QED RC to deep inelastic scattering for
fixed target as well as collider experiments at HERA or

LEP x LHC (Fortschr. Phys., 44 (1996) p. 373-482).
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i "

eep Inelastic Scattering at SLAC

iRc to DIS at SPS (CERN)
~ e RC to DIS at HERA (DESY)
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inematics of DIS

ocattered

- Target/Er"' Electron
ectron i
5

Beam

2 - Recoil Hadrons
Q° = 4E4E sin*6/2 (Mass W)
B 2M

2L,

1 + ==2 sin? §/2
M
or, since E'and 6 are measured:
W?*=M"+2M (E, —E']—4EDE'51112§

s

CALC2018, Dubna, 23.07.2018 9



® Standard variables are:

B —q? B ()?
T 9y ¢ 2M(E-E
g-p E’
STk p b E
where (Q? = —¢? > 0, M? = p? and energies refer to

target rest frame.

@ Elastic scattering has (p + ¢)° = M?, i.e. x = 1. Hence

deep inelastic scattering (DIS) means Q* > M? and
r < 1.
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@® Structure functions Fj(z,(Q?) parametrise target
structure as ‘seen’ by virtual photon. Defined in terms
of cross section

d?o dra? [ (14 (1 —y)?
dxdy Q%ry

— 5 ) 2x

+(1 — y)(Fy — 20 Fy) — (M’/?E);f:ng] .

On general grounds the structure functions are functions
of two kinematical invariants

They were expected to drop with increasing Q¢ as
rapidly as the form factors

The surprising experimental result was different!
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oc/cMOTT

W=2 GeV
x —— W=3 GeV
s+ —— W=3.5 GeV

N ELASTIC
“\_SCATTERING

q? (GeWc)z

._lIIiII‘

T T

PERTOE

STAC-PUB-650
hugust 1969
(¥xP) and (TH)

OBSERVED BEHAVIOR OF HIGHLY INELASTIC
ELECTRON-PROTON SCATTERING

M. Breidenbach, J. 1. Friedman, H. W. Kendall

Department of Physics and Laboratory for Nuclear Science, *
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

E. D. Bloom, D. H. Coward, H. DeStaebler,
J. Drees, L. W. Mo, R. E. Taylor

stanford Linear Accelerator Center,} Stanford, California 94305

« Deep Inelastic:
- W >> M,

0/ Oy = CONSL.
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® Figure shows F5 structure function for proton target.
Although Q% varies by two orders of magnitude, in first
approximation data lie on universal curve.
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® Bjorken limit is Q%, p-q — oo with z fixed. In this limit
structure functions obey approximate Bjorken scaling
law, i.e. depend only on dimensionless variable x:

F.(z,Q% — Fi(x)
T
oi(x, Q%) — 4.@2 Fi(z,Q%) ~ 1/Q?

@ Bjorken scaling implies that virtual photon is scattered by
pointlike constituents (partons) — otherwise structure

functions would depend on ratio Q/Qp, with 1/Qy a
length scale characterizing size of constituents.
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up to about W = 1.8 GeV there is structure corresponding to
the production of resonances (excited nucleon states);
there is no structure above 1.8 GeV: this is the region of DIS.
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EEVIEWS OF MODERN PHYSICS YOLUME 4!, NUMBEE 1 JANMUARY [1%&%

Radiative Corrections to Elastic
and Inelastic ep and vp Scattering’

L. W. MO, ¥. 5. TSAI

Stanford Limear Accelerator Cemier, Stanford Umiversily, Slanjord, Califorsia

(doy/dQdp) (E., Ep) = (do/dQdp) (E,, Ep)[146,(A) ]+ (de,/dRdp) (> A),
where do/dQdp(E,, Ep) is the continuum nonradiative cross section,

R 1 2(sp) E, B, 2sp E,—E, E—E,
B[ A)= - ]i—;':’ 2 In + (ln X “+In IXII’L —l) —fb(—- ) —-:;r( )] .

mt mE E ¥ E ]

$(x) is the Spence function, and

da, _ o E, ] "‘““””""“wdwf" .
(@>a)= 2 f_ld[cmm'f; & | BuTuin

diddp ME,
PION
. THRESHOLD
Ep
ELASTIC .
ECATTERING r?wm
[}
Tashe L
REGION TI
REGION - %%
3 _-EEGIONT
aﬂ-?—- --t = N
n |
REGION IO } 1'
i1
I
==
N
S | i
[#] EJ Eg

-

Fig. 3. Kinematic regions necessary for radiative corrections
to inelastic electron scattering, " Is the incident electron energy
and Ey, the scattered electron energy.
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RC to DIS at SPS (CERN)
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. T TR TR TR TR Thee S Bl et e i Tl A el

In inclusive=-type experiments when only
the final lepton is detected Lhe procesaes

P+ N« F vy + N, (L)
F+ N - F 5 ¢ +M", =
Eov Now f sy + hadrons (3]

(N* is the nucleon resonapce)
cannot be distinguished frem the main reac-
tion
E-I-H-Fi-hudrurm_ “-I-!'
Thus, the measured cross section aof deep
inelastic N ~scattering is & sum of inclu-
sive cross sections of precesses (1), (2],
(3) and main procesas (4]

A e gl el oxg Ml g% eE), ()

where 4 n is the crogs section ol reaction
(k)Y in tha Born wspproximation and & ig thﬂ
EC to the cross section.

CALC2018, Dubna, 23.07.2018
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L
l = dC (dz) {i@

i PR

had
:L i = dcr(d') EE‘S'E""
iliLW
Iiut’-

hd’“" | acliatioe M

w(ﬁ) 47 + Jr )

r@ - Ao @) /da@ - g*@)w"‘@)j
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1. ED@E experiments on up —scattering
are carried out in the region Q2~?m'2 (m
thetmuan mass). The formulae of Mo ind
Tsail are inapplicable at such B2, therefore
exact formulae are required.

. 2. Expressions for the EC in ref,ftf
include the "softness" parameter A dividing
the contributions of soft ang hard photons
thus breaking their Lorentz-invariance.
Ha?eve?, in inclusive processes these con-
tributions are not separated physicallyf&f
‘therefﬂre it would be reasonable to obtain
formulae independent of the "softness"
parameter and covariant in order to make
them ?e applicable directly to the Planned
expfrlments on the colliding eplgp) teans.

A revised caleulation of electromagnetic radiative correc-
tions was performed in refs.”™ - Completely covariant form:lae
are obtained which contrary to those given by Mo and Tsai, do
not contain the unphysical "soft-photon" parameter.

H

AA Akhundov, DYn Bardin and N.AM. Shameiko, Electromagnetic corrections
to deep inelastic lepton-nucleon scattering at high energies. I. Contribution of the
mdiative tail of elastic peak, JINK Report, JINKE-E2-10147 (1976)., 24 pp.
AAL Akhundov, DY Bardin and N.M. Shumeiko, Electromagnefic corrections
fo deep inelastic pp seatfering at high energies, JINR Preprint, JINE-E2-10471
(1977). 18 pp. &
Yadernaya Fizika, v.26, p 1251-1257 (1977) {in Russian) &
Sov. J. Nuel. Phys., v.26, 660 (1977) (in English, USA)
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from Elastic

£ = 280 GeY
¥=0.05

Fig: 1. The dingrnas giving the dominant
ceptribution to the eross mection of bhe
process (1).

0 0.2 0.4 0.6 0.8 1

7] 05 !
xI
Pig. 3. The physical region of the procese

(L) in the sealing variables, NWumerical va-
lues relfar to the resckion papX  at E=120eV.
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In the lowest
can be represented as Tollows:

DO¢

Radiative Tail

¢ order this contrlbutlon

LA

ep Inelasic

1 I

J

o

E = 280 GeV

10 =08 _—
i o

20
B i Vo Lo Ll - i
0 32 0.4 0.6 0.8
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Q2 (GeV?)
mﬂ.“ = (.0

200

GeV?

"o 100

D 25 50 75 00
WZ(GeV?)

Fig.2. The xirematic repgion af the desp DL
inelaatic M-scattering in the WE Qe

plane. The boundary is shown at E=20 end
S0 GV, Dotted lines correspond to x cop-
etant. The shaded region shows where the
structure functicne are studied in detnir 'V
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AA. Aklmndov, DY Bardin and N, Shumeiko,

Electromagnetic corrections fo the elastie mdiative tail in deep inelastic lepton-
nucleon scattering, J INH Fl'vprint JINR-P2-55-5831 (1955) 12 pp. &

Yadernaya Fizika, v, p 1517-1526 (189586) (in Russian) &

Sov. J. Nuel. Fhys. 1..{ 4, PSS (1086) (in English, USA )

., 4 S
R |
. . . ore loop and doulble bremssirohiung
\ Eaa o
. &3 . expanentiabions
/Re ' ] I . . , ~ . L )
- S | e
) ,;-ﬂ-"""‘# P rd
! I J B ___:__.;_F' ,-‘-- ’/‘f
.;;_-;_,-" ,.-'..- /
=4 = S ,"'.-
- - * 3 » x o
= - = - : C Aotae s,
& -1 £ 7 A - ,III,." =5 .
. -8 /
. L | II .If
+ Sy
= !
I|'
~12 |- C
""ri i I - ' at=100
. -,I'
N ,ﬂ.ﬂ,j |
_15 - :Ill:
] ln 1? . .II|
, | E = 280 GeY
L
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TERADS86 ->BCDMS, NMC




26 27 28 29 2
C?F.E Ovla I ‘ ! ]
3 2 1 % - ':'

Fig.1l. Lowest- and higher-order electroveak radiative

procegses contributing to the observed deep inelastic
erogs gection,

A. Akhundov, D. Bardin and W. Lohmann, Fortran program TERADS6 and JINR Dubna
preprint E2-86-104 ( 1956 ):
AL Akhundov and W, Lobhmann, ITH Zeathen preprint PHE 90-32 ( 1990).
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40 E=750 GeV

30

2 (%)

20

0 Qz 04 06 08 10 02 04 06 08 10
Y Y

Fig.5. The total electroweak corrections 51{ to
deep {nelastic w'p seatiering as functiong of ¥ for
several X at 280 and 750 GeV., Solid lines correspond
to u { A= —0.8) and dotted lines,to B (A =+0.8).
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RC to DIS at HERA

HERA Collider at DESY

920 GeV  27.5 GeV

Central mass energy Vs =318 GeV

ZEUS (FERa) G —

CALC2018, Dubna, 23.07.2018
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DIS at HERA

Neutral Current (NC) Charged Current (CC)
el k) _ "||-'J ) e(k) r|| ( I;"._"J )

SWAIC) JWE(q)
p(ph) f’i‘\ . }'3"(10) f’i‘\ .

X (P) X(P)

.

. Invariant kKinematic quantities:
QE = —qg-=—(k — }2 negative four-momentum transfer squared

In proton infinite-momentum frame:
fraction of proton momentum

=
|
_5‘ b

y = ]I;—r'- In proto rest-frame: energy-transfer
s = (L+P)2 =5 squared cms energy

CALC2018, Dubna, 23.07.2018
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NN\ 4/

TERAD91: A Program package for the calculation
of the cross-sections of deep inelastic N C and
C C scattering at HERA.~. 9

In *Hamburg 1991, Proceedings, Physics at HERA,
vol. 3, p.1285-1293.

TERADY] is a semi-analytic code for QED and weak correctiona to deep-inelastic NOC

and CC =4 attering at HERA. Version 2,10 was relepsed on 3 Oct. 1991, The source

of TERADY] onginates from four different codes: TERAD, DISEP NG, DISEFCC, and
DITET, which will be discussed in what follows. y

N, ¢

Q &)

{

7 ) g g NN Y ( > >
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http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+"Akhundov, Arif A."
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+"Bardin, DmitriYu."
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+"Kalinovskaya,L."
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+"Riemann,T."

Classification of RC
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weak coppections

CALC2018; Dubna, 23.07.2018
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P, By

lastic Radiative Tail at HERA
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Reconstruction of kinematic variables QQ,m &y

e incoming particles

e clectron E’, 6,

e hadronic system Ej, vy,

e Momentum-conservation
= overconstrained system

— choose two guantities

for reconstruction

Electron (EL): EL, 6.
Q%; = 2E.E.(1 4+ cos#f.)

E. E!(1+4 cosé.)

tEL = B, 2E.—E/(1—cosé.)

EI‘
o =1——=(1—cos#b.
YEL EEE )

e

Jacquet-Blondel (JB):
only hadronic energies

2
Qip = P
1—yp
Q?
rjp = —3I8
8 YJB
yig = {E_pz)h
2F,

Double-Angle (DA): 8.~

inr(1+ cosé,)
2 _ a2 sin~ya( e
@ia “sin, +sinf. —sin(~, + 6.)

E. sin~y, 4 sin 6. 4 sin(, + 6.)
T =
DA = B, Sin~ + sinf, — sin(~, + 6.)

Sinf.(1 —cos~y)
sin~, 4+ sinf. —sin(y, + 6.)

Up4a =

. and many more mixed methods!

CALC2018, Dubna, 23.07.2018 36




V. 44 (1996) p.373-48

Model independent QED corrections
to the process ep — eX T

Arif Akbundov 12, Dima Bardin *'.  Lida Kalinovskaya . Tord Riemann ®

ABSTRACT

We give an exhanstive presentation of the semi-analytical approach to the model independent leptonic
QED corrections to deep inelastic nentral current lepton-nucleon scattering, These corrections include
photonic bremsstrahlung from and vertex corrections to the lepton current of the order (o) with
soft photon exponentiation. A common treatment of these radiative corrections in several variables
— leptonic, hadronic, mixed, Jaquet-Blondel variables — has been developed and double differential
cross-sections are caleulated. In all sets of variables we use some structure functions, which depend on
the hadronic variables and which do not have to be defined in the quark parton model. The remaining
numerical integrations are twofold (for leptonic variables) or onefold (for all other variables). For
the case of hadronic variables, all phase space integrals have been performed analytically. Numerical
results are presented for a large kinematical range, covering fixed target as well as collider experiments
at HERA or LEP@LHC, with a special emphasis on HERA physics,
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Y < Y, &

p(ﬁlnM) X@:Mh)

Figure 1: Deep inelastic scattering of electrons off protons: (a) Born diagram, (b) leptonic
vertex correction.

¥ (%) v (k)
V. Z A

Figure 2: The two leptonic bremsstrahlung diagrams.
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Qf = (k1 — ka)*, Y =——">" T =—— (1.4)

where
s=—(ki+p1)* =S +m* + M* =~ 4E.E,, (1.5)
but also the kinematical variables from the hadron measurement,

_pml-p) QL

2 2
— (py — = 1.6
Qh (pﬂ pl) 3 Un Plkl ? h th? ( )
or some composition of both, the so-called mixed variables [28, 30]:
2
Qii. — Qf: Ym = Yn, L = & (1?)

S

Here F,.,m and E,, M are the energies and masses of incident electron and proton (see figure 1).
Another useful set of hadronic variables has been introduced by Jaquet and Blondel [31]:

2 _%_)2 Q%H
CALC2018, Dubna, 23.07.2018
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\\
Different choices of variables make no difference for the determination of the cross section

of reaction (1.1) in the Born approximation. Although, there are huge differences in the
predictions for the radiative corrections, because the kinematics becomes quite different. This
may be seen from the tetrahedron of momenta which is shown in figure 3. For vanishing
photon momentum k&, the simple Born kinematics is recovered. The differences concern the
calculation of the corrections, but also, and maybe more important, their numerical values.

Y

Figure 3: Spatial configuration of the momenta in reaction (1.2) in the proton rest system.

CALC2018, Dubna, 23.07.2018
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Akhundov A.A., Bardin D.Yu.

On the "Heavy Photon" Bremsstrehlung

The bremsstrahlung of & "heavy photon" in the lepton-
nucleus seattering has been considered, The kinematics of
the processes has been studied in detail. The energy spect-
rum of the "heavy photon"” has beenr calculated.

- The irvestigation has been performed at the Labora-
tory of Theoretical Physies, JINR.

Communication of the Joint Institute for Nuclear Research
Dubna 1976










a1 03 a4
x/2n, 8

Physics region of the variables x and t for the process

Hp 2Hpy
at E = 0.5 GeV and mass of heavy photon 0.2 GeV
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HECTOR 1.00
A program for the calculation of QED, QCD and elec-

troweak corrections to ep and I N deep inelastic neutral

and chareged current scattering *

: . G - . G —— - . 9
AL Arbuzov'®, Do Bardin®?, 1. Bliimlein®, L. Kalinovskaya®, T. Riemann?®

ABSTRACT

A deseription of the Fortran program HECTOR for a variety of semi-analytical caleulations of radiative
QED, QCD, and electroweak ecorrections to the double-differential cross sections of AT and OC
deep inelastic charged lepton proton (or lepton deuteron) scattering is presented. HECTOR originates
from the substantially improved and extended earlier programs HELIDS and TERADS1. It is mainly
intended for applications at HERA or LEP - LHC, but may be used also for uN scattering in fixed
target experiments. The QED corrections may be calculated in different sets of variables: leptonic,
hadronic, mixed, Jaguet-Blondel, double angle etc. Besides the leading logarithmic approximation
up to order (N a?), exact (M a) corrections and inclusive soft photon exponentiation are taken into
account. The photoproduction region is also covered.
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Compilation of data on the
proton styucture function
FoP(x,Q%)

Experiments:

EGGE  (Fermilab)
H1 (DESY)
BCDMS (CERN)
NMC (CERN)
ZEUS (DESY)

To F, ofeach xrange
an amount Cfx) 1is added
“by hand” to separate the
data sets.

Note the scaling violation
at the lowest values of x
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"When the son of Adam dies, his deeds are broken, except for three:
an uninterrupted alms; -

a righteous son who will pray for him. "
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