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Towards a precise Q@

Outline

« How to deal with the Scale- and Scheme- dependence
consistently ? Extended coupling constant, E-RGE

« Solution for the Scale-equation of E-RGE

* Special case, the ‘t Hooft scheme  A™,,

« BLM-mechanism up to NNLO
e

« BLM-PMC correspondence A Standard Procedure
3=

* Applications
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Background

Any pQCD calculable quantity p

)\ a ()" a, ()"
“S_{_”) +C1(H}( S,(_”) +Gz£ﬁ-}( E;(:)) L

All physical predictions in QCD should in principle be invariant under
any choice of renormalization scale and scheme. But at any finite
order, the use of different scales and schemes may lead to quite

different theoretical predictions; which is more reliable ?

3741



example
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Also there are large renormalon
Terms as (n!BMa "), which may
provide large contributions

Improper scale gives large K-factor, or even lead to negative contributions
arXiv:0907.1984
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a — bc
Effective mass
7 =
Q? ~ 22(1-2))
Q?=p ~ .,(1 — z)m?
typical choices”

PYTHIA,HERWIG

[

JJJJJJJJJJJJ

practical way to deal with the scale for MC simulation

parton shower

PYTHIA 6.4
Physics and Manual

hep-ph /0603175

” A typical scale Q2 has been assigned at each interaction point

If using only one or several effective scales for the whole

process, the scale puzzle would be more serious.
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FAC: Fastest Apparent Convergence (FAC): chooses the
renormalization scale such that the NLO coefficient vanishes

'

Comparing: Optimized perturbation theory —
minimize the higher-order contributions — PMS

S.J. Brodsky, G.P. Lepage and P.B. Max:kk P.M. Stevenson, Phys. Rev. D23 (1981) 2916
Phys. Rev. D28, 228(1983). . | t

Optimal procedure for obtaining precise QCD predictions is

to choose the (optimal) scale so that the result is
scheme independent even at fixed order !

How to set proper scale to achieve the goal ?

‘ to ensure the Self-Consistence of a scale-setting method,
we think it should satisty several general properties.

First-belief Existence of such optimal scale p

S.J. Brodsky, SLAC-PUB-6304 (1993); S.J. Brodsky and
H.J]. Lu, SLAC-PUB-6000, arXiv:9211308.




A quick review

Reflexivity. Given a o, (p) specified at a scale 1, we can express it in terms of itself

but specified at another scale ¢/ up to all orders,
P Hup

. . Oar, (1) _
second as(p) = as(p) 1+ fulp, 1)l (W) + falp, pi)ald(p') + - -, o
where fi(p,p') = —j—fr In(p?/p?) and 3y = 11 — 2N;/3. If a scale-setting scheme is

self-consistent, it should choose the unique value p/ = p on the right-hand side.

Note

Such an argument can be found in SJB. And a demonstration
can be done with the help of E-RGE, i.e. to demonstrate the
above infinite Taylor series does not depends on u’

as(rs, {cf}) = alrp + 7 {cF +&})

= a(ra, {cfH + (S_i)R';JrZ:_ ( ;

+1 #a =2 &#a
7 \a2). "+ 50a
1

3!

) o]
e T - + e

[(G‘TS R S.J. Brodsky, SLAC-PUB-6304 (1993); S.J. Brodsky and
H.J. Lu. SLAC-PUB-6000, arXiv:9211308.




Svmmetry. Given two different coupling constants oy (1) and ao(p2), we can express

one of them in terms of the other:

e (1) = az(pi2) + riap, p2)ay (p2) + -+ -, (33)

Oc's-z(#-:z) = asl{ﬁ'l) + 721 (H-mﬁ-l)ﬂ'i (#-1) +ore (34)

If a scale-setting method givesi

second series, then this scale-setting method is said to be symmetric ijl AjpA o = 1

Ho = Ag1pt

for the first series and" = Alz,u.zufor the

fourth

Transitivity

A=pC

Relation of observables nuut be independent of intermediate scheme

C=pB

any physical
observable can be
used to define an
effective coupling
constant

identical to A #B

S.J. Brodsky, SLAC-PUB-6304 (1993); S.J. Brodsky and
H.J. Lu, SLAC-PUB-6000, arXiv:9211308.




Commensurate relation among different o,

S.J. Brodsky and H.J. Lu, Phys.Rev. D51, 3652(1995)

TABLE I.l Leading order |cammensural:e scale relations.

any physical
observable can be
used to define an
effective coupling
constant

ﬂf{l*SEQ) -

vy (0.435Q)

0, (1.67Q)
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e+e- annihilation polarized electroproduction




A quick review

S.J. Brodsky and P. Huet, Phys.Lett. B417, 145-
(1908).

fixed o = Cpag
Moreover, / ny = np /Cp

pQCD becomes an Abelian theory at Nc—0, so
QCD scale-setting must agree with that of QED
in this limit.

[ ]
[y
[ ]
[

Such a comparison is useful,
since there is no renormalization scale ambiguity in QED

In the standard Gell-Mann- Low
scheme for QED, the (optimal)
renormalization scale is simply

the virtuality of virtual photon, ; |- scattering ¢ (g

which naturally sums up all the i,
vacuum polarization corrections
and is unique and unambiguous Dressed photon propagator

000000000000 000000000000000000000000000000000000° Il-tl:r[]ll

alt) = ———>
T (. to)

Meeﬁee(++; ++)

.........:

M. Gell-Mann and F. E. Low, Phys. Rev. 95, 1300 (1954) 10/41



S.J. Brodsky, SLAC-PUB-6304 {1993); S.J. Brodsky and
H.J. Lu, SLAC-PUB-6000, arXiv:9211308.

PMS breaks Transitivity and Reflexivity

The reason (why BLM/PMC is useful) is clear

Basic features of BLM/PMC

It satisfies all the above properties: Existence, Unitary,
Transitivity, Reflexivity.

« All non-conformal and scheme-dependent -terms in the
perturbative series are summed into the running coupling.
The result is conformal, and it is scheme-independent due to
the proper scale-displacement in o..

« The active flavors n; in B-function is correctly determined.
« Renormalons growing as (n! M a ") are avoided.

« The PMC method agrees with the standard QED results in
the Nc -> O limit.
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As a summary,

the above points show that to provide reliable QCD
predictions, we need :

1) A proper way to discuss the Scale- and Scheme-
Dependence of the coupling constant (E-RGE; to
get right behavior of the coupling constant)

2) An effective way to set scales for the coupling
constant to make the prediction scheme-
independent at fixed order (PMC/BLM;
procedures to set scale for coupling constant)

12741



alve truncated series to know a,
t different scale --- not reliable !

aS{P}=ch{Q}+,f{P.Q}IHZR{Q}

|| S

l Why it is better and useful ?
A way out for scale-dependence

The scale is changed along
the evolution trajectory with
Conventional RGE a continuous fashion, thus
avoiding the presence of

d  [af(p) __il:jﬂ B (1)) dissimilalj scales and large
dlnpZ \ 4r ) | expansion coefficients

4m

=1

S R Y
- ] — = —(a')? [1—|—LIR+C§(¢1R)2—I—EER{&H}3+ ]
Sﬂ! .'81 T:&]ﬂlﬂ-z
A - Simpler form
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Can we discuss the uncertainty

Each scheme leads to R i :
. . of ¢,R in a consistent way as that
different cR, and vice versa

' of the scale ?

S.J. Brodsky and H.J. Lu, Phys.Rev. D51, 3652(1995).
Extended RGE ! G. Grunberg, Phys.Rev. D46, 2228(1992).

Equivalent to usual RGE

af(tr) = a(tr, {c})

Scale equation

Useful for a reliable error
analysis on higher order

n+2dr -
Ia,{ci} / EEERTSE Scheme equations

14741



Solution for the scale-equation up to the four-loop level

({F} | 1'2) f“(T-{E'l}‘J da

—In— | = T T

b1 ui a(ro,{eeh) Bla:{a})

where = l.'iF}l_-"'.'i]"_l ht;rﬁ with g stands for an initial
scale. Up to O(a®), it leads to

Convenient Way=>| L = (52/5) lﬂ[ﬁt":"fﬁgll

L = C-I—l—l—hlﬂ—I—(Cg —1) ﬂ,—l—cg — 2;2 a lag—l—@(a?’)
a

A the asymptotic scale parameter, its value is
correlated with the integration parameter C.
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SpeCIal case ‘ L" tH Eﬂgffﬁl :I lﬂlz,[fle,-' &E
N

{e:} = {0} :>> o ‘t Hooft
' 1 '
[tH I (1 i ) p|| scale is the

equation

‘'t Hooft scale associated with R-scheme AtH

afl(p) = a(263/5 111(;;;‘1{%1{ ]:j{cf}] a.’tH_R(,u) = (1-(233/31 hl(;i-/il}%‘q}, {U}) H

: 3
AL — ex '
S (25-3

W.A. Bardeen, A.J. Buras, D'W. Duke and T Muta
. / d ¥ — '
by choosing(Cs7=z = In 132 / 3| Phye Rev. D18, 008 (1075) TS

CH) ﬂR.

W. Furmanski and R. Petronzio, Z.Phys. C11, 293(1982).

'y — IS]_ ,-'IIE,'Eg
ZtH 51 ' . ‘
"1_-1-55 o (rﬂ) 4'*1_,-,,;53 t Hooft - A3
j - a‘H ¥ r r ¥ LT
-0 solution A1+ W_y (=2, (L))
16/41




PN

)= C—I—l—l—]na—l—(CQ — 1)a+¢ 24+0(a®)

Scale-equation to be solved iteratively

. Setting a = % to cancel the Ll sterm. And we can find the coefhcient JT_D
® Setting a = % + 1% to cancel the L% term. And we can find the coefficient for L1
& Setting a = -11: + 'E%’ + f’g to cancel the L l-term. And we can find the coefficient for [—2

e Setting a = L + & + ¥ + T to cancel the L 2-term. And the final renormalization

equation 15 of accuracy Q(1/L%), which is nightly our present required aceuracy

Final four-loop formulae

24z C+3£2—2)—

@ C—InL) C“—I—C+cz—(QC—]nL+1)lnL—1}
C 1_; — [BC“+.)C+31?3— 2 — (SC—IHL-—F%) 1111,} lnL} +C’)(@

K.dQ. C‘hét\«rkm B.A. Kniehl and M. Steinhauser,
Phys.Rev.Lett. 79, 2184(1997). L7741

Only gives four-loop formulae for a particular MSbhar C «—



* It satisfies all the above properties: Existence, Unitary,
Transitivity, Reflexivity.

* All non-conformal and scheme-dependent 3-terms in the
perturbative series are summed into the running coupling.
The result is conformal, and then scheme-independent.

* The active flavors n; in B-function is correctly determined.

LO BLM/PMC scale setting can be found in SJB H

S.J. Brodsky, G.P. Lepage and P.B. Mackenzie, Phys Rev. D28, 228(1983).
S.J. Brodsky and L.D. Giustino, arXiv: 1107.0338. /41



BLM scale-setting

Main points for setting BLM scales

scales can be set up in a general scheme-independent way

 We shift the initial renormalization scale Q into effective ones
until we fully absorb those higher-order terms with n.-
dependence into the running coupling.

“We need to set at least one effective scale at each order”

“Different terms at the same perturbative order may
contribute to different scales Q*, Q**, and etc., which
depends on how these n-terms come from.”

.-

* Order-by-order, we set different renormalization scales
for the perturbative series. The remaining terms are free of
B and are identical to that of a conformal theory.
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especially

Q*

Another way: a unified effective scale Q> is used for all orders

G. Grunberg and A.L. Kataev, Phys.Lett. B279, 352(1992).
S.V. Mikhailov, JHEP 0706, 009(2007).

20741




” Especially in the threshold region

X
1 —e=%

a(s ) w
(1+=457)
%—Coulomb terms
|| LO Ql LO QZ Instgntaneous coulomb potential

Sommerfeld's rescattering formula
Hard transverse gluon exchange

Another way: a unified effective scale Q> is used for all orders

G. Grunberg and A.L. Kataev, Phys.Lett. B279, 352(1992).

S.V. Mikhailov, JHEP 0706, 009(2007).
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To set the BLM scales up to NNLO, the starting point

a:u:g) (A + Aong)a™ 1 (Q)

T

free of a, = [&

I
j // +(B1 + Bang + Baﬂ-ﬂﬂ?rz{@]

+(C + Cang + C-'g,nf; + Gqﬂ?’:)ﬂ:-l_g(ﬂg] + - }

>

to set the effective scale Q* at LO

P=T't][ ERTI(Q ) 4+ (By 4+ Bong)alt2(Q*)

+(Cy + Cgﬂ-_f + 53?1?]&2”3[12;}*] + - } . (11)

oo

standard procctdies

The second step 1s to set the effective scale Q™" at NLO

a—
—

p=r |: i".!- Q*j i-1+1|::Q ] Blﬂl’;!+2[@**j

gnf)a;”g@**w---} , (12)

Tl

+(C1 +

22/41



NNLO

NNLO :

>

——
—
—

and the final qtep 15 to set thE effective Ecala.

p=ro|az (@) + Ayal Q)

+blﬂ;1+3(Q***]

o o

at

\4

(13)

A= ‘u-l-—‘m HL 311—%3.1: E'L:lf'j-i-%l-f"n

B, = |:1I:65|l.n + 1048 + 1534y + 88(n + 1] 434y + (48 — 10828, :IR:I
Bl = :_1 88(m + 1]43 + 19ndg + 4(n + 1}4d 34, — dn(By + ESBS;I:I
n

. 1 . )
O = A [ — 403920 n% + 143T4EAGHE + 5n + 2r¥] + BAn2(BT, + 359370, +
50488 — 1348440 n(n® — 8n — 7] + 724 4a(1 + n){3440n — M42Hsn +

1214073 + Pnl) + 840 n[2857n + 25280(2 + n) — 9553284(3 + In])

223020 — 522724, 18 + En + 2?02 + 2n) — 2ddgnd -8, +

&= 1
27 TEEAmT
833403 + 938H3n) — 48414001 + n)[1940n — 132 Hm + Eﬂn.-'mgl:.ﬁ +In)] +

__,‘EE”[_ 5088 — 1928 (2 + n) + 3188802 + n) + 522725508 + 5n) )+

2445°n(— 1671 + n[—627 + 511n .'.I:|

1 - L P P 1, 2
= -1
3 TaanE [ T3 n” + AT5240™(3 + Sn+ 2o )+ 1dAon (40 + 1980 +

188:n) — 9124, (n — dn) + 2964 (A, (1 + n) (-2 By n + A% 3 + 2n))

¢

At least three-effective scales

Coefficients

?

-4 gnnl: —3Z5n + 57082 + ) + 95 B 5+ Era]:l]

[33-n+'=-39’g- 28y + 32F0)+ (n+ 1)(153F + 457 - 1@9&’31.51]
-i.ln-|-1_| -h

_ |:2|_:l1 + e 4 sl + (e + 1) (10 — 405 + =0l -J.lu]
-i.ln + 1_| i

standard procedures

23741



When pertorming the scale shitts () — Q*, Q* — Q**
and Q** — Q***, we ellminate the n¢-terms a,sscrc'.ia,t.e;tl
with the {3;}-terms completely, ' '
_—

No UV- Note (one subtle point)

divergence _
Those n.-terms, which are

ark foop ‘ irrelevant to the ultra-violet
cutoff and have no relation to
the pB-terms, should be
identified and kept separately
after the BLM scale setting

24/41



+2 *z - +2

O Y 2, 66

Q° Q2 1T
*2 Q*E

(ﬁn — B ln =2 )aE(Q) (14)

Aok 2 dook D )**‘7
@ =lIn Qb + z'ﬁD C" a

In

In o7 07 1 Q*q (Q") (15)
Q**xﬁ S
n Gy = o Q“**Q (16)

* Ak, ko

where the effective scales Q) are determined so as

to eliminate Aany, Bon ¢ and (, am g-terms completely, the
parameters r and z are used to eliminate the Bg,n% and
the C-‘g-nfg terms respectively, and the parameter y is used
to eliminate the 04?1.?—1;131‘111. It 1s found that

Q5 64 17
2 - ._o [ ‘]
" Ta
32 6By e
n 20 _ == (18)
" (n+ 1)41
ek D ..0
In )O**Q = 602 ' ..'0[19]
¢ (n+2)B

and
.o 3(n 4+ 1)A3 — 6nB; (20)
nAs;
(n+1)(2n +1)A3 —6n(n + 1)A3 By + 6?12C4r
= - £21)
nAs
,_ 3+ 2)B32 — 6_(31i__1]_4103 (22)

(n+1)4159

Second point

The effective scales
should be a perturbative

series of ag so as to
absorb all n-dependent
terms properly

The effective scales
depends on the scheme.

Relations between different
scales give scale
displacements among
different schemes

‘A ‘ G,F(QQJ _ G,EM’—L{QEJ

well-known one-loop relation
25/41




PMC scale-setting

The BLM — PMC correspondence

PMC, dealing with the B-series, provides the principle
underlying BLM scale setting.

However to find what's the B-expansion series like ?

1) There are few cases, people have calculated the B-terms directly, since it is more
convenient to calculate the n.-terms (light-quark loops). So usually, we need to
transform the n-terms into B-terms for PMC.

2)  The relation between 3 and n. is not in a simple way, i.e. 3, include the 2-quark
-loop, 1-quark-loop and O-quark-loop contributions. So to get the same n,-series,
the combination of B-term is not unique, which is more adaptable ?

O.V. Tarasov, A.A. Vladimirov and A. Yu Zharkov,
Phys.Lett. B93, 429(1980); T. van Ritbergen, J.A.M.

B = 102 Vermaseren and 5.A. Larin, Phys.Lett. B400, 379(1997);
—= 2857 5633 3925 . M. Czakon, Nucl.Phys. B710, 485(2005).
By =" ———ny+—nj
2 18 H4
35 ~ 20243.0 — 6964.30n ; 4+ 405.089n2 + 1.49931n3
3 g+ ed it f 26/41




5.V. Mikhailov, JHEP 0706, 009(2007).

A.L. Kataev and 5.V. Mikhailox, Teor. Mat.Fiz. 170, 174-186 (2012)
v
An Naive way: all f-terms are constructed by all

possible combinations of the n.-terms at the same order.

Questioning: too much B-terms shall be introduced and
the coefficients of them cannot be solitarily determined.

More reliable way:

1) The purpose of the running coupling in any
gauge theory is to sum up all the terms
involving the B-functions;

2) PMC is to absorb all g-terms into running
coupling;

So, inversely,

all the needed B-terms at any concerned order
should be the same as those emerged in
the expansion of the running coupling.

*

as(Q*):as(Q)—%ﬁoIng_zaZS(Q) (ﬁ InZ% ﬂl'”%j Q)+

27/41




S.V. Mikhailov, JHEP 0706, 009(2007).
A L. Kataev and 5.V. Mikhailov, ']

[eor Mat. Fiz. 170, 174-186 (2012

Up to NNLO /7 PMC expansion

const.,ﬂo,ﬂl,ﬂs
const., 5,, B, (,BOIB]_)’IBZ ’IBz’le B

More explicitly, up to NNLO, the physical observable
can be expanded in the {/;}-series as,

(Q) + (AY + A98)am 1(Q)

ﬂn+3[

=

Q)|- 33

Under such
correspondence,

BLM and PMC
are related with
each other
exactly

<§)ne—to—0n§>

i 0 o2 2
+(Bl .'Iﬂ‘l + BB Il':-}rﬂ )'ﬂ:-l_ [Q)
r 0 > ~0 o3
+(C1 S '7-" + Cg' ,-'IjD.-'Ijl -+ (f'hi,-'_:l"ﬂ)
>

We call it “The BLM — PMC correspondence

A= Al + 1149

2
Ay = —5‘43
B, = B} + 102B + 1215}
_ 2 0 0
By = =598 +22By) (., _ %(32503 4 456C% + 792C%)
4, '
- _ 8
By = 953 C4=_ECE
~{J 2857 0 ~+(] 0
Cy =0V + CY +1122CY + 1331C]
1
Cy = —Emoggcg — 373207 — 4356C7)

28741



application

Application

A: Scale setting in 3-jets events at LO

R. K. Ellis et Al, Nucl. Phys. B178, 421-456 (1981)
S.J. Brodsky and L.D. Gi;_lstillu, arxiv: 1107.0338.

ete” =g+ q+gupto NLD‘

1 do'®) + da?

To dy
y: the maximum
virtuality of the jet

1-2y 1—y—=
/ dzf dr T[1 —z — =z, z, z]evg(s)
Y Y

[1 . r (ln[_r] + In[z] —

as(s) {T(y) -

LO-BLM/PMC scale
29/41



application

Smaller PMC-scale
improve the
perturbative expansion

Wrong behavior

At small y
ri(p) =0.| FAC
dRy

7 = 0. PMS
apt

.5
o .
3 _ - - “"0
--" *.,] GM-L scale
2 P - ’0.‘
' g HBLm
af 7 — Ip&fﬁ:ﬁl
r
0 0.020.040.,0&80.080,10.120.14 ,0’
! .gluon jet
] ] r ] i 1 L] I | 1 e ?'“l
3'jE‘t R
BLM/PMC ]
i _I -J.‘--‘I-_ | ] ]
Q05 010 015y

G. Kramer and B. L—Z‘Lnlpe. Z. Phys. C 39, 101 frl 1988).

30741



application

Application B: Scale setting for heavy quark pair
production at threshold at NLO — QED corrections

Physics Letters B 359 {1995) 355-361

Need two light-quark loop

Dirac . Pauli

S i v
ul, v =ieQyi [-‘mFl(qE) + —— 0w Fo(gh)| v

2m

do(ete™ = ff) Na’Q3p

dfl

4ds

[[l — B3| G| sin® 8 + |G [* (1 + cos® t-?)]

A= — _
BRL( = 5 = | B dcos

Ge=Fy+ =F and Gp = Fy + F3|

CGwP - (-G A

dN
x 1+ A cos*éd

A=

2 |F + Fa2(1— 87

31741



application

Near the threshold region, NNLO with light-q

Take F; as an example

uark pair

s 1
N 4m? 2

Real part is
suppressed

by 3.

| |
“ Coulomb Hard photon

potential exchange
the square of the relative momentum.
Il

al@?)  a Q2 5

T =?r[ ()23( E)]

S.J. Brodsky, A.H. Hoang, J.H. Kuhn and T. Teubner, Phys.Lett. B359, 355

(1995)
32741



application

Application C: Scale setting for R(Q) at NNLO

2
Rt (Q))= 3Ze [1+( T5(Q)) + (1.9857 — 0.1152n;) (a5 (Q)) e Q)
(E: eqjﬂ s 3
~6.63694 — 1.20013n5 — 0.00518n% — 1.240=2"- ) (™ (Q))

2
e S 4
+ (—156.61+18.??n.f—0.?9?4-n.§+0.0215-n.§ 2y %) )(a"” (QJ) ]

o(eTe™ — hadrons, Q)

= R(Q)

C is for singlet contribution and is small

As usual, we set C=0

P.A. Bailkov, K.G. Chetyrkin and J.H. Kuhn,
Phys. Rev.Lett.101, 012002(2008); arXiv:0906.2987 [hep-
ph|; K. Nakamura et al. (Particle Data Group), J.Phys.
G37, 075021 (2010).
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Discussions
R

 If taking the experimental results for R(Q)

From the experimental value, r.4+.-(31.6Gel) =
3 TRt .- (3L.6GeV) = 1.0527 £ 0.0050 [26], we obtain

AL — 412 20MeV

MS T-decays (N3LO) .:-0-1
i,l 3 59 +15 lh-[e"i‘..lil" Quarkonia flattice) pc:x
'LJf,S ll'iﬂ Y decays (NLO) —0—t
DIS F, (N3LO) o |
DIS jets (NLO) —o—

I
ete” jets & shps (NNLO) ——o+—+
I

electroweak fits (N3LO) —o—
lll.-_.r_.S 1‘1-{ — [] 1 QQ-" I:I DG‘.‘]’ ete™ jets & shapes (NNLO) i—o—|
‘ (Mz) = 0.0107 TR

05'5(]-\"12)

w those obtained from eTe™ colliders. i.e. a'ﬂ'fs(_ﬂ-f z) = 0.13+£0.00540.03 by
the CLEO Collaboration [28] and c}@(ﬂf z)=0.1224 + 0.0032 from the jet shape anai]}-'sis

S. Bethke, Eur.Phys.J. (64, 639 (2009)
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Eur.Phys.J. C64, 689 LE[IGEU

215 4 oM el
* Inversely, if taking the value of a ,(M,) wrong 4-loop cosfficient
P
o5 (M) = 0.118440.0007 Four-loop

= 213137 MeV

) | Afffn,—s = 24515, MeV and Agg

* Discuss the four-loop uncertainty caused by C

(C-= c3;) == using scheme-equation

Even take C to have ﬂSR[gl.GGEI’:] = 0.0665 £ 0.0063
the value comparable B _ e EaE {1080
with other terms at “R. Marshall, Z.Phys. C43, 595 (1989).
the same order R_ 007276 | of =0.06645 | aFf =0.06016
Ry - 199
‘ ¢ 16.1239; rf = —16.1239| 103512 (726) 11.6325 (477) 13,1768 (287)
Several percent n . o (717 T .
around 2% of =0 10.3932 (T17) 11.6673 (471) 13.2054 (284)
experimental error el = 4+16.1239] 10.4348 (707) 11.7020 (466) 13.2338 (282)
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After PMC/BLM scale-setting, all higher-order p-terms
have been absorbed into the coupling-constant, i.e. In
some sense parts of the higher order corrections have been
absorbed into the lower order, so the convergence of the
perturbative series will be improved in principle.
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Application D: Scale setting for top-pair production
at NLO - needs NNLO n¢-terms

(Rough results; To Be Continued)

p+p(p) — Q+0Q+X
g+q — Q+0+X
g+g8 — Q+0+X
g+q — Q+0Q+X

6(S. ) = Z/ dx1 dxG (s, m° p’ fil x1, ;12 ) £i(x2, 1 }
if

Main Point: The expansion coefficients also include
factorization scale-dependence, heavy-quark mass dependence,
how to improve the PMC/BLM procedure?
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Find coefficients
For all ni-terms

Coulomb
contributions should

kn(|)wn known partly known
| v v v
. 0 2 4
b1y = —3 { fi (P Q)ad(Q) + £ (p. Q)al(Q) + £ (p. Q)al(Q))
t
f3(Q) = KAZ?JF'JFAE.I; In %) - (Bilj.ﬂ + B n %) ﬂf} + {;;m + DY n:} (;}) @)
‘)2 QZ (L
faQ) = K»lzo + A3 ln— +AZ In® —) + | BY + B} 111 = —|— B In? F) ny
+ (CED + (_121 In 2— + O 1112_(_9-2 J%}-F{{J;f;':\ + D2 lui + J”‘“ In® i) s
( ”111 —r,"f 2 I - F2'+ F . 2 n’ Ui) (_TJ(}'S
F":_,:ZD ~ 2] 'J.-;E --...,-_2 ------ W
Ay 4+ Ay In 24 AL I 2| ad(Q3) +
I | m3 ms
Flnal == (}.’ —
total CS ’”m + Dy ln —] (—) as Q)+

}2['+}211

DY} + D In =

o e V] [ _
= + i In” .j’-;] (—) s

w2

be resummed

Sommerfeld’s rescattering formula

<To be programmed>
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[3. Summary and Outlook J Fitzpatrick

JHEP 1111 (2011) 095

/

I. BLM/PMC provide self-consistent way to set the effeCtive
scales, which leads to scheme-independent result. QCD is
not confromal, however one can use the PMC to gonvert a
PQCD series to the corresponding conformal QCDP series.

1. After PMC/BLM, one can use the Mellin-space analysis
to compute the conformal QCD correlators and amplitudes.
To be considered.

Il. With the extended RGE, the o, scale-dependence can
be solved and the four-loop results are given; and the o,
scheme-dependence can be reliably estimated by it scheme
equations, e.g. an estimation of higher-order correction.

I11. A combination of BLM/PMC to E-RGE can be used to derive
a precise QCD estimation.

IVV. More applications will appear.
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