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1. Introduction

The search for new physics at the LHC accelerator requires a
threshold resummation of the cross sections. (see, for example, the

revent papers (Catani et al.: 2014, 2019), (Beneke et al.: 2019,
2020))

It would also be good to consider extracting from the deep-inelastic
scattering (DIS) data (for the structure function (SF) Fy(z, Q?)),

taking into account resumming at large values of x (= threshold
resumming), where x is Bjorken's variable.

Usually the function Fh(z, Q%) is represented as a sum of the
leading twist FgQCD(x, Q?) and the twist four terms

Fy(z, Q%) = F§9“P (2, @?)

While analysing experimental data various corrections should be
taken into account: nuclear effects, target mass corrections, heavy
quark threshold corrections and higher twist terms are considered.



As is known there are two basic ways to perform QCD analysis
over DIS data:
the first one (it is more popular now!) deals with Dokshitzer-
Gribov-Lipatov-Altarelli-Parisi (DGLAP) integro-differential equa-
tions and let the data be examined directly,
whereas the second one involves the SF moments and permits per-
forming an analysis in analytic form as opposed to the former op-
tion. (but it is difficults to have experimental information!)

We take on the way in-between these two latter, i.e. analysis is
carried out over the moments of SF ng(x, Q?) defined as follows

MgQCD/T2/(Q2> — /01 xn—Q }757@611)/7-2/(337 Q2> dCC

and then reconstruct SF for each Q2 by using Jacobi polyno-
mial expansion method. (Parisi, Sourlas:1979), (Barnet et al.:

1981,1983,1984), (Krivokhizhin et al.: 1987,1990)



2. A brief theoretical input

The twist-two DIS SF can be represented as a sum of two terms:

FP2(0, Q%) = $ 282, Q%) = FS(0, Q%) + B (0, QP).
the singlet (S) and nonsmglet (NS) parts: (< ef >=(1/f)- zf 2)
f

Fy(2, Q%) =< ¢} > Sfy(, Q%) F3'°(2,Q°) = FI*(2,Q°)~Fy (2, Q7).

Let's introduce PDFs, the gluon distribution function fg(x,QQ)

and the singlet and nonsinglet quark distribution functions fg(z, Q?)
and fiyg(z, Q%) (hereafter PDFs are multiplied by z):

f
fs(x, Q%) = $fy(2,Q°) = V(2,Q°) + S(z, Q).
fNS(Z’, QQ) — U—v(xa QQ) o dv(ZIZ’, Q2> +
where f is the number of active quark flavors, strange,...), V(z, Q%) =
uy(z, Q%) + dy(x, Q%) is the distribution of valence quarks and

S(xz,Q?) is a sum of sea parton distributions set equal to each
other.



At large x values, no gluons and we can confine ourselves to
considering only the NS (or valence) contribution (with the corre-
sponding renormalization):

F5(2,Q%) ~ F2(2,Q%) — F3%(2,Q%) ~ F5'°(z,Q°),

There is a direct relation between SF moments M (n, Q%) and those
of PDFs (I will omit the NS symbol here and below)

f(n,Q%) = [ dea" *f(z, Q).

M(n, Q%) = R(f) x C(n, as(Q%)) x f(n,Q%),
with
Qg 2
Cbs(Q2> = ig )

and C(n, as(Q?)) are the Wilson coefficient functions.



2.1 Strong coupling constant

The strong coupling constant is determined from the correspond-
ing solution of the renormalization group equation.

At NLO level:
L1 a1(Q?) (14 bia(M3)) _ 4ol ’
a(@Q%)  a(MZ) T |a(MZ) (1 + b (@) | U (M3

where hereafter

a1(Q%) = aO(QY), as(@Q?) = N NLO(Q?).
At NNLO level:

Lo as(Q?) |1+ braa(Mz) + byas(M3)
a2(Q%)  as(MZ) N ag(MP)y 1+ brag(Q?) + bran2(Q?)
b2 ?
+ =g (@)~ 1(M3) = Aoln 55




The expression for I looks:

% by + 2boan(Q?)

—== arctan
](QQ) _ \/Z \/Z

1 b 2b
N 2a5(Q?) —

e v-A
V=B by + 20205(Q?) + V=R

where A = 4by — b7 and b; = gé are read off from the QCD
B-function:

for f =3,4,5:A >0,

for f =6, A <O,

Blas) = — Boaz — Bras — Poag +

These equations allow us to eliminate QCD parameter Agcp from
the analysis.



2.2 ()*>-dependence of SF moments

The coefficient functions C'(n, as(Q?)) is further expressed through
the functions B;(n) (7 = 1, 2)which are known exactly

C(n,as(Q%)) = 1+ as(Q°)Bi(n) + a5(Q7) Ba(n) + O(a(Q7)) .

The Q%-evolution of the PDF moments can be calculated within
the framework of perturbative QCD:

0(n)
f(n, Q%) _ |as(Q°)| 0 h(n, Q")
f(na Q%) B CLS(Q%> h(na Q%) 7

Y9 (n, Q%) = 1+ as(Q?) Zy(n) + a2(Q%) Zs(n) + O (C@(QQ)) :
with

Zi(m) = 5 P ln) = 0(m) b
Zo(m) = ;- haln) = (m)br + 300 = ba)] +  ZE(m).

Here ~1.(n) (k = 0,1,2) are so-called anomalous dimensions of
Wilson operators.



2.3 Factorization pp and renormalization up scales

It is good to consider the dependence of results on the factoriza-
tion pp and renormalization pp scales, caused by the truncation
of a perturbative series while doing the calculus.

A modification is achieved by replacing as(Q?) by as(uF) in the
coefficient function C' and as(1i%) in the PDF evolution (i.e. in h),
where yi3- = kpQ?,  pk = kppi = krkpQ-*.

Then,

Mn, Q%) = R(f) x C(n, as(kpQ?)) x £(n, kpQ?),

and
f(n, kpQ?) [ (kaRQQ)] ()/260 y fb(na kpkpQ?) |
f(n,kpQF) as(kpkpQp) h(n, kpkrQF)



The function C' can be obtained from C' as follows:

as(Q%) = as(kpQ?), Bi(n) — Bi(n) + ;70(”) Inkp,

1 1
By(n) = By(n) +  m(n) lnkp + (270 + /5’0) Bilnkp

1
+ +% (20 +250) In*kp,

and function A can be obtained from & as follows:

as(Q%) — as(kaR?Q), as(QF) — as(kpkpQf),
Zi(n) — Zi(n) +§70(n> Inkp

1 1
Zo(n) = Zo(n) +m(n)lnkg + oo(n) 21 Inkpg



Below we will perform firstly the standart analyses:
the first analysis with ki = kp = 1 (as a basic one) to extract
as(M) and the high-twist (HT) corrections, i.e. h(z);
several analyses with kp = 1/2, kp = 2, kp = 1/2, kp = 2 to
estimate the contribution of higher-orders of perturbation theory,
i.e. the values of the theoretic error for as(M.).

Additionaly, we will perform the analyses (1) with CT threshold
resummation and also with (2) kp = 1 and n-dependent values
of kp. At large n values, v;(n) ~ Inn and B;(n) ~ In**n
So, B;(n) rise strongly at large n values. We would like to resume
large terms (by using n-dependent values of kz) and study an
influence of the resummation on ag(My) and HT terms.

To study it, we will use the DIS scheme (Altarelli:1978), (a former
Ap-scheme (Bace:1978), (Bardeen et al.:1978), (Buras:1980)), the
massless W2—evo|ution, where W2 = QQl_Tx + Mg, with
My, = 0 and the scheme-invariant (SI) perturbation theory (SIPT),
i..e Grunberg effective charge method (Grunberg:1981,1982).



2.4 Threshold resummation

Threshold (or Sudakov) resummation approach (Catani, Trentadue:1989)
resums the large x (and, thus, large n) terms in the coefficient func-
tion C'(n, as(Q?)). The resummation leads to the following repre-
sentation for C'(n, as(Q?)) (hereafter we call it Catani-Trentadue
(CT) threshold resummation)

C(n,a5(Q%) = C(n, as(Q%)) explG(n, Q)
where C(n, as(Q?)) does not have large n terms and G(n, Q?) has
in the DIS case the following form

_ ad 2
Gn, @) = == |G A o) + BMau(QP1 - 2)

where A" and B can be represented as series

AP (ag) = x Ahgt - BMag) = =BGl

1= 1=1



67 5
Al =40, A" =80k KB - @) Cy— ﬂ

B%h:—SCF, B CFB —I—CFCABQA—I—CFfBQf,
with

3 3155 40
By} = 5T 12(2 — 243, BYY = TR T §C2 + 403,
247
BYy =" — —C2
Evaluatlng the ¢*-integral in the r.h.s., we have with the accuracy

O(a3(Q%))
G(n,Q%) = fy dz—

+<B£h+<Ath—ﬁoB%h>Lz VAP 2AQ). L=l 2)

2 —1

(B AP L2)ay (@)




Then by using

Inf=1(1 — z)
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The results for C(n, as(Q?)) can be represented in the form

C(n, as(Q%)) = 1 + as(Q%) Bi(n) + az(Q*) Ba(n) + O(a3(Q%)),

where

By(n) = Bfn) — C(n) + - (C1h(n))” — By(n) Ch(n)

It is seen that the terms B;(n) (i = 1,2) have no rising terms at
n — 0o. Indeed, for example,

i | 0o 3 2 1
Bi(n) = —20p2
1(n) = =20pR5%(n) + 0 2 o n+l

Thus, in this case we resum all the large x contributions without
modifying the scale of the strong coupling constant.




2.5 Gottiried sum rule

The CT threshold resummation violates the Gottfried sum rule
(Gottfried:1967) i.e. Bi(n = 1) = 0, in this case it is recovered
only after re-expansing the term exp|G (n,Q%)], since both terms
Bi(n =1) and G(n = 1,Q?) have nonzero values.

To restore Gottfried's sum rule, we slightly modify the CT thresh-
old summation as follows:

C(n,as(Q%)) = C(n, as(Q7)) exp[Gln — 1,Q°)],

since G(n = 0,Q%) = 0. We will call this form as modified CT
(mCT) threshold resummation.



The results for C(n, as(Q?)) can be represented in the form
C(n,as(Q%) = 1+ as(Q*)B1(n) + a5(Q*) Ba(n) + O(a3(Q%),

where
Bi(n) = Bi(n) = C'(n =),
By(n) = Bofn) = C3'(n— 1)+ (C{'n = 1)) = By(n) Ci(n —1).

As in the case of B;j(n) (i = 1,2), the terms B;(n) (i = 1,2)
have no rising terms at n — 00. Indeed, for example,

_ 1 1 9 3 2 1
Bi(n) = —2CF[2 — (- . — .
(1) = =2Cp285(n) — ( + )i+ 5= ==

Moreover, Bi(n =1) = 0.



2.6 DIS scheme

Let us consider the case of the so-called DIS-scheme (Altarelli:1978),
(it was alternatively called the A;-scheme (Bace:1978), (Bardeen
et al.:1978), (Buras:1980))), where NLO corrections to the Wilson
coefficients are completely compensated by changing the factoriza-

tion scale.
NLO
a5(Q%) = as(kpis(n)Q?) = aBIS@?)fHS
9B _
kpis(n) = exp ,m(;()n) = exp 7“160 (" ,
where
PDIS () — 2 Bi(n)By _ Bi(n)

) dn)

o(n
and By(n) = BPP(n) =0, ie. C(n,ar),(Q7) = 1+0((ar);



The NLO coupling constant aE,InS(QQ) obeys the following equa-

tion
! ! + b1l
al(Q%)  a1(My)
kpis(n)Q?
= OpIn = fpIn
Mz

ap(Q7) (14 bay(M3))

a1(Mz) (14 biap;p(Q2))
]3% - T?Is(n) )

which can be obtained from th standart one by substituting Q2 —

kpis(n)Q?.

Hereafter the condition that coupling constants in all schemes

coincide at Q2 =

NNLO

M? is satisfied.

By(n) — Br®(n) = 0,

By(n) — B5'™(n) = Ba(n) —

2 7o(n)

By

Bin) 11 B,

The larger terms ~ In*(n) and ~ In®(n) are cancelled in BP(n).



We have
C(n, aDS(Q%) = 1+ BYS(n) (D) + O((aD15)%)

and the NNLO coupling constant a%flns(Qz) obeys the equation

L b a2y (Q%) | 1+ brag(M3) + brad(M3)
ay ) (Q%)  ax(Mz) T ag(MB) L+ biay,p (Q2) + ba(ay,?)(Q?)
b2 2
b = ] (1@BS(@%) — Ias(M)) = Boln | 2| — rPS(m).
A

which can be obtained from the standart one by substituting Q2 —
kpis(n)Q-.

Thus, in DIS scheme, the NLO coefficient By(n) is exactly com-
pensated by changing the strong coupling argument. Moreover,
for large values of n, the NNLO coefficient BY™>(n) contains only
terms ~ InZn whilst the leading terms of the form ~ In*n and
~ Inn are cancelled out.




2.7 W2 scheme

Here we use the fact that in NLO, the basic contibution in the z-
space looks like (Bardeen et al.:1978), (Kubar-Andre,Paige:1979)))

A WEyp @), Ey@ ="

where the quantities marked by tilde do not contain the contribution
coming from sum rules. Our standard Wilson coefficient B(n) and
vo(n) are obtained from By(n) and 4y(n) by adding the sum rule
conditions as follows

Bi(n) = Bi(n) — Bi(n =1), ~(n) =40(n) —jo(n =1),
with

By (x)

~ ~

Bi(n) = [ dea™ 1t By(x), Fo(n) = f dea" 1t Ap(x) .



The scale kyj(x) is related to the massless limit of the effective
mass IV of a photon—proton cluster

21—33

W2 =Q + Mp,

T
where My, is a proton mass. In the massless limit (Mp = 0)
W? = Ey(x) Q% thus, in this subsection, we use the scale &y (z)
in the calculations:

Q* — Fy(7)Q° .

Since we work in the Mellin moment space, we have Ly (n),
which corresponds to k() in the z-space, i.e.

Q% — ky(n)Q?.



NLO In this order,
as(Q%) = as(kw(n)Q%) = a1, (Q7).

(=Bl (el
where

TW(TL) _ QB{/V(TL)BO _ B{/V(n)

: Yo(n) d(n)
and

C(n,as(Q7)) = 14}, (@) B]" (n) + O((at’,)?).
Here
Bt" (n) = Bi(n) - By (n),
with
Bi"(n) = B (n) = B (n=1), B (n) = fj dea""" B} (x),
and BV (z) is defined above.



Then, we have (Cp = (N? — 1)/(2N) for SU(N) group)

1 7 n o1
Wiy — 2 _ — — S
Bi{" (n) =2Cp _Sl(n) + So(n) (1) S1(n) ik Sa(n) -
A ‘ 3 11 3 2 1 1
BV (n) =205 |2 - - _
" (n) =2CF |—255(n) + 2Sl(n) LT on + —— + 22 (nt 1)

At large x values (and at large n values, respectively), when ((;
are Euler (-functions)

Sin)=Inn+~v+0(1/n), S;jn)=_+0(1/n), (i=2,..),

we have
3 11

B (n) =20k |—2¢ + oI — =+ O™ ~3CE Inn+O0n")

4
and the results look very similar to those obtained in the previous
subsection.
Note that the NLO coupling constant a‘ﬂ/n(QQ) obeys same equa-
tion as aﬂ{s(Qz) where the replacement rP(n) — IV
done.

n) is



NNLO Here,
as(Q%) — as(ky (n)Q?) = ay,(Q%),

and

C(n,as(@?) = 1+ aY (@) BY (n) + (a¥1,(@)) BY (n) + O((aY,

with B}V (n) and B}Y (n) given above and

By
BY (n) = By(n) — |- B (n)[2By(n) — B" (n)] -
2 (n)
Since the DIS-scheme andA W “%-evolution are close to each other,
it is convenient to express BY' (n) through BY!>(n):

Bo \ (pw, 2, 1) s
By (n)] + By (n),
Yo(n) (1) Yo(n) ! )
where BY!5(n) is given above.

Note that the leading terms ~ In*(n) are cancelled out in BY"

(1
The NNLO coupling a¥, (%) obeys same equation as aD]S(Q

PI3(a) > 1 )

BY (n) = BYS(n) +

)
)

where the replacement r iIs carried out.




Thus. in the W %-evolution, for large n values the NLO and NNLO
coefficients BV (n) and BYY (n) contain only the terms ~ Inn and
~ Indn, respectively. The most important terms are completely
cancelled.

Note that kyj7(n) (or equally well ky7(x)) can be multiplied by
an additional factor €

ks(x) = e ky(z), ks(n) = e ky(n).

In the case when 6 = —3/4, we have
A (6=—3/4) 13 9 5 1 1
B! — 20 |—255(n) — 2 4+ -
! ) F 2(n) 8+4n+4(n+1)+n2 (n+ 1)
(5=—3/4) |
and B (n) ~ O(n") at large n values. The corresponding
NNLO coefficient Béé_ 3/4>( ) ~ In?n and it is seen that the

case 0 = —3/4 is very close to the DIS-scheme.



2.8 Grunberg approach

In this subsection, we consider the Grunberg effective charge
method, which is a fairly popular approach. In a sense, it is
closely related to the so-called scheme-invariant perturbation the-
ory (SIPT), which is as well widely in use (see, for example, (Vovk:
1990), (Kotikov,Parente,Sanchez Guillen:1993), (Parente, Kotikov,
Krivokhizhin: 1994)).

In this approach, all contributions beyond LO are completely can-
celed by changes in the factorization and renormalization scales,
while beyond NLO it is also required to modify the coefficients [,
(i > 2) of the QCD S function, i.e. 3; (i >2) — B;(n).



In order to apply Grunberg approach, it is rather convenient to
rewrite the (Q*-dependence of SF moments as follows

Cn,as(@) 1ro 02y,

M, @) =5, as(QF))

where

C(n,as(Q%)) = ad™(Q?) [1 + C1as(Q?) + C2a2(Q?) + ...

contains contributions coming from both coefficient function C(n, as(Q?))
and PDF evolution. Indeed,

C1(n) = Bi(n) + Z1(n), Ch(n) = Ba(n) + Z1(n)Bi(n) + Za(n).
The normalization M,,(Q3) is linked with £y g(n, Q) as
Mn(Q5) = R(f) - C(n,a5(Q0)) - £(n.Q0) . (2



The effective charge method:

An observable

m(Q%) = as(Q?)[1 + ¢1a5(Q%) + &2a3(Q7) + E3a2(Q7) + ...]

can be considered as a new coupling constant, containing the new
scale Q2 — e /HQ? and new (nonuniversal!) coefficients j;
(¢ > 2) of S-function: 3; — [3; and [3; depend on ¢;

In our case,
d(n)

M0, Q?) ~ (as(@) ™11 + .
and we can use my,(Q?) = (Mn(QQ))l/d(m, where d(n) = y9(n)/(25)).



NLO In this order, the strong coupling constant is modified as
follows:

a1(Q°) — al(kSI( )%2 ) = a1.,(Q°),

) —7r1(n)
ker(n) = exp = exp ;
it () i
where
2 C
(1) = Ci(n)fy _ C1(n)
Yo(n) d(n)
With the above choice of the scale, we have

Ci(n) =0, ie Cn)=all(@Q*[1+0(al,).

The NLO coupling aq n(QQ) obeys same equation as aD[S(QQ)

with the replacement TDIS( ) — r1(n) is done.



NNLO Here,
as(Q%) — az (ks (n)Q%)) = agn(Q?),

where the NNLO coupling agjn(QQ) obeys the following equation

1 |

B bl agjn(QQ) 1+ blag(M%) %: bga%(M%)
a2.,(Q%)  aa(M%) TN aa(M%) |1+ biag,(Q?) + bo(n)as ,(Q)

+ | ba(n) bQJ (a2,,(Q%)) — 1(0)) —
)

= fBoln —r1(n),

M
where

[(ag,(Q7)) = I(a2(Q%) — agn(Q?), by — ba(n)) .



A modified factor is found to be

bo(n) = 525(;“, Bo(n) = Bo — 11(n) B + (rafn) — 13(m)) fh
with
ran) = ) = =)

With the above choice of the scale, we have
Ci(n) — 0, Cy(n)—0,
l.e. at the NNLO level:
C(n) = af (Q*) [1 +O(a,y)]



3. A fitting procedure

With the QCD expressions for the Mellin moments M (n, Q?) an-
alytically calculated according to the formulas, given above the SF
Fy(x, QQ) s reconstructed by using the Jacobi polynomial expan-
sion method:

LT (2, Q%) = 271 — x)bNm“ 02b(z) 3 " (a, b)M(j+2,Q%),

0 J

s

J

where @%’b are the Jacobi polynomials:
by = &) |
O (x) _]ZO c; (a,b)x/,
a,b are the parameters fitted. A condition is the requirement of

the error minimization while reconstructing the structure functions.
MINUIT program is used to minimize the variable

) F2€xp Fth )
XSF_’ AFea:p ‘ :




The moments M (n, Q%) and f(n, QF) at some QF are theoretical
input to the analysis. In the fits of data with the cut x > 0.25 im-
posed, only the nonsinglet F5 structure function and the nonsinglet
parton density is worked with and the following patametrization at
the normalization point is used

M(n,Qf) = [ dea""Fy' (2,Q)), f(n.Q5) = [ dea” > f(x, QF)
with

Fol(z,Q3) = AaM1 — 2)°,  f(z,QF) = Az?(1 — 2)",
where A X and b and also A, X\ and b are the parameters that need

to be fitted within the Grunberg approach and other approaches,
respectively.



4. Results

We use free data normalizations for various experiments. The
most stable BCDMS hydrogen data are used as a reference set at
the initial beam energy value /5 = 200 GeV. Unlike in our previous
analyses, the cut Q2 > 2 GeV? is used throughout, since for lower
()? values equations for coupling constants have no real solutions.

The starting point of the Q? evolution is the value of QF = 90
GeV?, which is close to the average Q2 value (on a logarithmic
scale) of the data under study. Based on previous investigations
(see (Krivokhizhin et al.: 1987,1990)), the maximum number of
moments used in the analyses is Ny, =8. The cut 0.25 < x <
0.8 is also imposed on the data.

We work within the framework of the variable flavor number
scheme (VFNS). The threshold crossing point is taken at Q?c =

m?c. In order to emphasize the effect of changing the sign for twist
four corrections, the results obtained in the fixed flavor number
scheme (FFNS) with n s = 4 are shown as well.



Following our previous analysis carried out in (Kotikov, Krivokhizhin,Shaitkhatde
2022)), we expect a large x resummation only slightly change the
strong coupling normalization, at the same time greatly modify the
twist four values. Since the latter depend significantly on which
data to be analyzed, here we will limit ourselves to dealing with
exclusively hydrogen data.

Bellow we examine the effect of resumming large = logarithmic
contributions using three different resummation procedures dis-
cussed above. But first, we show the results of standard analysis
and their dependence on the factorization 1z and renormalization
1L scales.



Table 1. Twist four hy(z) parameter values obtained while fit-
ting hydrogen data (total 314 points, Q% > 2 GeV?). Calculations
are carried out within VFNS (FFNS).

NLO NNLO
x Y2 = 246(259) X’ = 241(254)
as(M?7) = 0.1195 as(M?7) = 0.1177
(0.1192) (0.1170)
0.275/-0.25+0.02 (-0.2640.03)[-0.1940.02 (-0.204-0.02
0.35 |-0.24+0.02 (-0.2540.02)|-0.1940.03 (-0.194-0.02
0.45 |-0.1940.02 (-0.19-40.02)|-0.174-0.03 (-0.1640.01
0.55 |-0.12+0.03 (-0.104-0.03) -0.174-0.05 (-0.14+0.03
(
(

N N N N’
N N N N N’

(_
(_
(_
0.65 | 0.0540.08 (0.12+0.08) |-0.144+0.14 (-0.05+0.06
0.75 | 0.344+0.12 (0.48+0.12) | -0.114+0.19 (0.06+0.10

N




Table 2. Parameter values of f(x, QF). Calculations are carried
out within VFENS (FFNS).

A A b

NLO |2.51£0.08 (2.51+0.07)]0.0240.02 (0.02-£0.02)  4.04-:0.02 (4.040.0:
NNLO 2.8140.01 (2.82-:0.01) |0.06:0.01 (0.06=-0.01) |4.17-0.01 (4.18--0.0:




It is seen that the NS QCD analysis of SLAC, NMC and BCDMS
experimental data for SFF5 gives the following result at the refer-
ence point:

+0.0003 (stat) 4= 0.0018 (syst) £ 0.0007 (norm)
+0.0020 (total exp.error) '

Thus one can observe that these results look quite similar to those
presented earlier.

Moreover they are agree with word-average value:

as(M%) = 0.1180 =+ 0.0009

as(M%7) =0.1177 + {



4.1 Scale dependence

Let us study the dependence of the results on a different choice of
factorization pp = kpQ? and renormalization 1 p = kpQ? scales.
As it is usual, we select three values (1/2, 1, 2) for the coefficients
kF and kR'

Results are demonstrated in Table 2. The change in ag(M7%)
value for various kr and kp values is denoted by the difference:

AO‘S(M%> = @S(M%) - &S(M%MkFZkR:l‘

Table 3. NNLO (NLO) as(M?%) for a set of kp and kp coef-
ficients, (314 points, Q2 > 2 GeV2). Calculations are carried out
within VFNS.



kr|kp XQ(F2> @S(M%) AO‘S(M%

1 | 1 |241 (246)]0.1177 (0.1195) 0

1/2 1 | 241 (246)]0.1166 (0.1171) -0.0011 (-0.0024)
1 11/2]239 (243) 0.1170 (0.1170)| -0.0007 (-0.0025)
1 | 2 | 244 (249)/0.1193 (0.1227) +0.0016 (+0.0032)
2 | 1 243 (247)]0.1191 (0.1225) +0.0014 (+0.0030)

As can be seen from this table, the theoretical uncertainties for
the maximum and minimum values of the coupling constant cor-
responding to k; = 2 and k; = 1/2 (i = F, R), respectively, are
equal to +0.0021 (+0.0044) and —0.0013 (—0.0035) for the case
of NNLO (NLO)

Thus, the present analysis gives the following theoretical error for
the result presented above

+0.0021

as(M%) = 0.1177 4 0.0020 (total exp.error) + { 00013 ¢

theor) .



4.2 CT (mCT) Resummation

Table 4. Same as in Table 1 but carried out within CT threshold
resummation.

NLO
X2 = 246(228)
as(M7) = 0.1256
(0.1226)

NNLO
Y2 = 241(238)
as(M?7) = 0.1177
(0.1167)

0.275
0.35
0.45
0.55
0.65
0.75

0.12+0.02 (0.1240.06
0.22-£0.06 (0.23-£0.06
0.34--0.06 (0.36:0.06
0.37-£0.06 (0.410.06
0.40-0.06 (0.4740.06
0.35-£0.12 (0.43£0.12

N N N N N N’

-0.22-£0.04 (-0.16+0.02
-0.14-£0.04 (-0.13+0.02
-0.13£0.04 (-0.11+0.02
-0.22-£0.10 (-0.12+0.03
-0.20-£0.16 (-0.12+0.08
-0.40-£0.25 (-0.34+0.15

)
)
)
)
)
)




Table 5. Same as in Table 4 but carried out within mCT thresh-

old resummation.

NLO
X2 = 238(248)
as(M7) = 0.1244
(0.1256)

NNLO
X2 = 242(255)
as(M7) = 0.1161
(0.1166)

0.275
0.35
0.45
0.55
0.65
0.75

-0.23£0.03 (-0.25+0.03)
-0.17-£0.03 (-0.19+0.03)
-0.06-£0.03 (-0.080.02)
0.00-£0.05 (0.00-£0.04)
0.12-£0.10 (0.13£0.07)
0.14-£0.20 (0.17£0.13)

-0.1640.02 (-0.194-0.02
-0.144-0.02 (-0.1740.02
-0.1240.04 (-0.134+0.04
-0.1240.08 (-0.12+0.08
-0.1340.15 (-0.1040.15
-0.3740.26 (-0.314+0.27

N N N N N N’




Table 6. Same as in Table 2 but carried out within CT and
mCT threshold resummations.

A A b

4.15+0.03
4.2840.01
4.15+0.03
4.25£0.03

2.93£0.09) | 0.0740.02

) 0.07+0.02) | 4.15£0.03
3.114+0.01) | 0.0940.02

)

)

NLO (CT) 2.93£0.10 )

0.1240.01) | 4.2240.03
)
)

NNLO (CT) | 2.9540.08
NLO (mCT) | 2.91£0.10
NNLO (mCT) | 3.0840.01

2.91£0.09) | 0.0940.02
3.02£0.09) | 0.11+0.01

0.09+0.02) | 4.15£0.03
0.10£0.01) | 4.26=0.01

o~~~ —~
o~~~
~— |~
~— —— | —

Using the CT and mCT threshold resummations (other applica-
tions of the CT resummation can be found in (Corcella,Magnea:2005)
(Bonvini et al.:2015)), we repeat our previous analyses in VFNS and
FENS. The results are presented in Tables 4, 5 and 6 and illustrated
in Figs. 1 and 2.

In Table 6, we see PDF suppression at large = values when CT and
mCT resummations are used. Indeed, the values of the parameter
b extracted here are greater than those found earlier and presented
in Table 2. This is completely consistent with the results obtained
earlier for the CT resummation in (Corcella,Magnea:2005)(Bonvini

et al.:2015).



Moreover, Tables 1-5 show that at NNLO the normalized value
of the strong coupling constant and the shape of the twist-four
corrections, with the exception of a large = range, remain virtu-
ally unchanged when switching to the CT and mCT schemes. In
the region of large = values, at NNLO the form of twist four cor-
rections varies noticeably. Moreover, it seems that they rise to
negative values as 1/(1 — x) but this observation needs additional
Investigations.

The situation is more complicated at NLO. In fact, there is a
discrepancy between the normalized values of the strong coupling
constant in the standard case and in the CT and mCT schemes.
Moreover, in the CT threshold resummation the twist four correc-
tions are quite large. Note that these results for the strong coupling
constant and the twist four corrections are quite similar in the both
schemes: VFNS and FFNS.

Now we consider three other schemes of resummation.



4.3 Resummation

Now we repeat NS QCD analysis performed in this Section above
(whose results are shown in Table 1), this time by using the schemes
that contain effective resummation of large x logarithms, which,

in turn, contribute to the Wilson coefficient functions.

These

schemes are the DIS-scheme, W?-evolution and the Grunberg ef-
fective charge method, which are presented in detail in Section 4
above.

Table 7. Same as in Table 1 but carried out within VFNS only

NLO DIS scheme (W ?2-evolution)[SIPT] | NNLO DIS scheme (W ?-evolution)[SIPT]
v X2 = 238(251)[245) X2 = 242(249)[249)
as(M2) = 0.1177(0.1179)[0.1178] as(M2) = 0.1160(0.1163)[0.1178]

0.275| -0.1840.01 (-0.1740.02) [0.2240.03] | -0.1420.01 (-0.13%0.03) [-0.17+0.02)
0.35 | -0.110.01 (-0.1340.01) [[0.1540.02] | -0.1340.02 (-0.080.02) [-0.1440.02]
0.45 | -0.0440.04 (-0.0940.01) [[0.0740.03] |  -0.1120.09 (0.0220.02) [-0.1040.02)
0.55 | -0.1040.01 (-0.0940.04) [[0.1240.03] |  -0.1240.03 (0.082£0.03) [-0.0940.02]
0.65 | -0.1740.04 (-0.0940.05) [[0.1440.05] |  -0.2240.05 (0.08=£0.05) [-0.1240.04]
0.75 | -0.5740.08 (-0.4640.18) [-0.5140.09] | -0.5940.08 (-0.18=0.10) [-0.420.09]




Table 8. Same as in Table 1 but carried out within FFNS only

NLO DIS scheme (W?2-evolution)[SIPT]

NNLO DIS scheme (W ?2-evolution)[SIPT]

x X2 = 244(243)[245] X2 = 244(245)[245]
as(M2) = 0.1180(0.1179)[0.1179] as(M2) = 0.1160(0.1163)[0.1171]

0.275] -0.2140.03 (-0.1940.03) [0.22+0.03] | -0.224+0.03 (-0.1340.03) [-0.2240.01]
0.35 | -0.1340.02 (-0.1140.02) [-0.1540.02] | -0.1440.02 (-0.080.02) [-0.1240.01]
0.45 | -0.05+0.03 (-0.0440.03) [-0.0740.03] -0.0340.03 (0.02+0.02) [0.02-0.02]
0.55 | -0.10+0.03 (-0.1040.03) [-0.1240.03] -0.0340.03 (0.08+0.03) [0.01=£0.04]
0.65 | -0.1140.05 (-0.1540.05) [-0.14=£0.05] 0.0040.05 (0.0820.05) [0.05-0.09)]
0.75 | -0.45+0.09 (-0.52+0.09) [-0.51+0.09] | -0.3240.09 (-0.1840.10) [-0.2640.15]




Table 9. Parameter values of f(z,QF) carried out in DIS

scheme (W 2-evolution) and parameter values of Fi*!(z, QF) car-
ried out in SIPT within VFNS only

A A b
NLO | 2.97+0.09 (2.97+£0.09) | 0.09+0.02 (0.09-£0.02) | 4.24+0.02 (4.26-:0.03)
NNLO | 3.2040.01 (3.29+0.13) | 0.13+0.01 (0.14=£0.02) | 4.29+0.01 (4.32::0.03)
A A b
NLO 2.91+0.09 0.08+0.02 1.23%0.03
NNLO 2.6640.22 0.02+0.04 4.1440.06

Table 10. Same as in Table 8 but carried out within FFNS only

A A b
NLO | 3.00+0.09 (2.97£0.09) | 0.09+0.02 (0.09+£0.02) | 4.26+0.03 (4.26-£0.03)
NNLO | 3.0240.10 (3.29+0.13) | 0.100.02 (0.14:£0.02) | 4.25+0.03 (4.32::0.03)
A A b
NLO 2.9140.09 0.0940.02 1.26+0.03
NNLO 3.0840.01 0.1140.02 4.2540.03




From Tables 9 and 10 we see PDF suppression at large val-
ues of x, which is completely consistent with the results shown
in Table 6, as well as with the results obtained earlier in (Cor-
cella,Magnea:2005)(Bonvini et al.:2015). Indeed, the extracted val-
ues of the parameter b are higher than in the M .S case (see Table
2) and coincide (within the uncertainties) with those extracted by
the CT and mCT resummations (see Table 6). Such results exist
for all the considered cases, with the exception of the Grunberg
approach in VFNS, where the value of the parameter b coincides
(within the uncertainty limits) with those indicated in Table 2.

Tables 7 and 8 show that when switching to these three schemes,
which effectively take into account resummation in the region of
large values of x, the normalized value of the strong coupling con-
stant remains almost unchanged, whereas the shapes of the twist
four corrections change noticeably and are quite similar in both PT
orders.

We believe that the difference in the shape of the twist four
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Figure 1: PDF f(z,Q?) curves from Eq. (40) obtained in various approaches.

corrections partially arises in the DIS and W2 schemes, as well as
in the Grunberg approach compared to the standard case, since
resumming large contributions at large values of = leads to low
values of the arguments of the strong coupling constant, at which
the perturbation theory is at the limit of its applicability.
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Figure 2: The values of the parameters iL4(IL“) obtained in the analysis of experimental data within VFNS in NLO and with a
conventional definition of the strong coupling constant.

Indeed, used resummation schemes change slightly the twist four
terms in the area of relatively small x values while these corrections
in the region of large x values change their sign (see also Fig. 1).
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Figure 3: Same as in Fig. 1 but carried out in NNLO.

These changes in the values of twist four corrections are nearly
independent (77) of both the chosen resummation scheme and the
order of perturbation theory. Moreover, it seems that they rise as
1/(1 — x) at large x but this observation needs additional investi-

gations.



Such a behavior is in sharp contrast with the analyses performed
in MS scheme, where twist four corrections are mostly positive at
large x and rise as 1/(1 — x) (see also Table 1 and Fig. 1).



Negative values of twist four corrections for large x, obtained in
schemes with resummation of large x logarithms, can lead to the
following phenomenon: at least part of the (negative) power terms
can be absorbed by the difference between the usual strong coupling
and the analytic one, if we use the analytic coupling constant in our
analyses. Of course, such a phenomenon was absent in the case of
the MS scheme, where the use of analytic QCD coupling simply
iIncreases the magnitude of the twist four corrections.

Note that in previous works (see (Vovk: 1990), (Kotikov,Parente,
Sanchez Guillen:1993), (Parente, Kotikov, Krivokhizhin: 1994)),
where resummation at large = values was performed within the
framework of the Grunberg approach, only decrease in the twist four
contributions was observed, since the corresponding contributions
were not studied in detail.



4.4 “Frozen” coupling constan

In the soft case (see, for example, (Badelek et al.:1996), the
argument of the strong coupling constant is modified. It contains a
shift Q2 — Q%+ M?, where M is an additional scale that strongly
changes the infrared properties of as(Q?). For massless produced
quarks, the value of M is usually taken to be the mass of the p
meson 1M, i.e. M = m,. In the case of massive quarks with mass
M;, the value M; = 2m; is usually used.
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Figure 4: PDF f(z, Q?) curves from Eq. (40) obtained with a “frozen” coupling constant in various appoaches.
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Figure 5: Same as in Fig. 1 but carried out with “frozen” coupling constant.
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Figure 6: Same as in Fig. 2 but carried out with “frozen” coupling constant.



7. Summary

We analyzed the experimental data collected by BCDMS, SLAC
and NMC collaborations for DIS SF Fy(x, QQ) by resumming large
logarithms at large = values into the corresponding Wilson coeffi-
cient function. For this matter we applied the famous CT resumma-
tion scheme (Catani, Trentadue:1989),(Catani:2014),Catani:2019)
and its modification mCT, which takes into account the Gottfried
sume rule. We also used three additional schemes: the DIS scheme,
the W2 evolution and the Grunberg effective charge method.

In the M S-scheme, we got the strong coupling constant:

+0.0021

_0.0013 (theor).

as(M%) = 0.1177 £ 0.0020 (total exp.error) + {

which is in agreement with word-average value:

as(M%) = 0.1180 =+ 0.0009



It has been shown that in NNLO, the use of the CT and mCT
threshold resummations leads to results very similar to those ob-
tained within the framework of the M .S scheme (in NLO, the CT
and mCT resummations lead to significantly higher values for nor-
malization of the strong coupling constant).

In all the cases studied, the only difference from the standard
M S approach (without summing up large contributions for large
x values) is the PDF suppression for large = values, as evidenced
by the growth of the extracted values of the parameter b in the
PDF forms. This is completely consistent with the results obtained

earlier in (Corcella,Magnea:2005)(Bonvini et al.:2015).

Moreover, in all the cases, except for the CT case in NLO, the
shape of the twist four corrections is quite similar, but the CT
case in NLO leads to significantly high values of the twist four
corrections.



Using three other schemes, namely DIS, W? and Grunberg ap-
proach, where large contributions at large x effectively resum into
the argument of the strong coupling constant, leads to the same
suppression of the PDF for large .

Moreover, using these schemes does not lead to a noticeable
change in the values of the strong coupling constant ozS(M%).

However, the values of the twist four corrections become large
and negative, which contradicts the results obtained within the

MS, CT and mCT schemes.



It was noted that the difference in the shape of the twist four cor-
rections is due to the small values of the arguments of the strong
coupling constant, which arise from the resummation of large con-
tributions at large values of x in these three schemes.

Indeed, when using one of the most popular infrared modifica-
tions of the coupling constant: the “frozen” version, for all the
cases considered the results do not really change, with the excep-
tion of the shapes of the twist-four corrections for the DIS, W2 and
Grunberg schemes, where the twist-four corrections take a more fa-
miliar shape, increasing with increasing values of .

In the future, we plan to extend the analysis to N°LO accu-
racy. Note that there are already several NLO studies (Blumlein,
Bottcher:2008), (Khorramian et al.: 2010), (Blumlein, Saragnese,
2021), (McGowan et al.,2023), (Ball et al., 2024), (Harland-Lang
et al., 2025).



