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» Perturbative QCD scale-setting problem




Fixed-order predictions such as those at the
hadronic colliders
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How to set the
renormalization scale ?
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Standard RGI

. %) %) :
Equivalence to: ﬂ;tO; Pn #0;: n-perturbative order, R—scheme

Ol

At any fixed-order, QCD series is hon-conformal, the prediction
is scale and scheme dependent due to mismatching of o, with
its coefficients for an arbitrary choice of scale.

Initial perturbative series [RIRHIEFE

But how about the improved series ?




Brodsky-Lepage-Mackenzie

Running Couplings

¢ QED
.f'_l‘h'-I
2 l"-:/" = “‘Bare” electric charge
_iO' A is screened by “halo”
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In terms of Feynman diagrams:
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Basis—renormalization group equation (RGE)

PMC tries to solve
scheme-and-scale Phys.Rev.D86,054018 (2012)

ambiguities

0 0 : : ”
simultaneously P 20;%Lr 2 0; We cannot get exact constraints from those inequalities

Oy

Key idea of PMC: we can only get the answer from RGE itself, which
can be used to determine the running behavior of coupling constant,

thus fixing scale ambiguity.
alm {e)) T) Using RGE to determine the beta-terms at each order.

IT) Resumming all the same type beta-terms, determining the exact
value for exch perturbative order.

4 In this sense, PMC is similar to resummation, which resum a kind of
large log-terms to form a steady prediction.

=~ But different to a pure resummation to improve the reliability,
PMC tends to solve the scale-setting problem.

PMC satisfies RGE-properties: symmetry, reflecxity,transitivity
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Comparing with initial series, the PMC series has advantages
Better convergence; More accurate without scheme-and-scale
dependence; The coefficients have no RGE-relations; ...

Thus it has good potential to do the estimation; especially it can
achieve more precise prediction with less given orders.
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The perturbative series is meaningful
(Feasible, Reliability, Precision, Predictive)
i =] AJEEE EXRW (FHRE) KERIASH

The fixed-order series cannot solve all things, in principal, one can
finish enough higher-order terms, and etc.;

And after removing scale and scheme ambigquity, there is still
residual scale dependence due to unknown higher-order (UHO)
terms, and what’s the magnitude of the UHO-terms !

L ERTIGRE, EFEHATE — IRMEERASMIAXNMHRBEERRE

A
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Feynman, 1 ?59, “HOV\! to estimate higher order terms in the perturbation
series without having to laboriously calculate Feynman diagrams”

In nearly every case we are reduced to computing exactly the coefficient of some
specific term. We have no way to get a general idea of the result to be expected.
To make my view clearer, consider, for example, the anomalous electron mo-
ment, [1(g — 2) = a/27 — 03280 /m*]. We have no physical picture by
which we can easily see that the correction is roughly a/2 =, in fact, we do not
even know why the sign is positive (other than by computing it). In another field
we would not be content with the calculation of the second-order term t0 three
significant figures without enough understanding to geta rational estimate of the
order of magnitude of the third. We have been computing terms like a blind man
Zlaring a new room. but soon we must develop some concept of this room as
a whole, and to have some general idea of what is contained in it. As a specific
challenge, is there any method of computing the anomalous moment of the elec-
tron which, on first rough approximation, gives a fair approximation of the «
term and a crude one to o?; and when improvcd increases the accuracy of the
a? term, yielding a rough estimate to o and beyond?"




» Top-pair production via hadron-hadron collisions
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The NNLO top-pair total hadroproduction cross-
section almost unchanged !

Kentaro KAWADE
Nagoya University
2016
On behalf of ATLAS, CDF, CMS,
DJ, and LHCb collaborations

pP— tt cross section (pb) at\s=1.96 TeV

PMC scale-setting Conventional scale-setting
Q=m:f4 | Q=m/2 | Q=m; | Q=2m; | Q=Admlfl pr = /2 | pr =t | pr = 204
Tevatron (1.96 TeV)|| 7.620(5) T.622(5) | 7.626(3) | 7.622(6) | 7.623(6) 7.742(5) 7.489(3) | 7.199(5)
LHC (7 TeV) 171.6(1) 17TL7(1) [ 17L.8(1) | ITL.7(1) | 171.7(1) 168.8(1) 164.6(1) 157.5(1)
LHC (14 TeV) 941.8(8) 941.9(8) [ 941.3(5) | 941.4(8) | 941.4(R) 923.8(7) 907.4(4) | 870.9(6)
A\,
Tevatron Run |l
CDF dilepton — e = 7.09 + 0.83 8.8 fb"
0.49 + 0.67
CDF ANN lepton+jets - o 7.82+ 0.56 4.6 fb”
0.38 + 0.41
CDF SVX lepton+jet — e — 7.32+0.71 4.6 1fb"
A 0.36 + 0.61 30/0'40/0
CDF all-jets [, - @ = 7.21+1.28 291"
050+ 1.18 10m, (20m,) => 15% (19%)
CDF combined - o = 7.63+ 0.50
0.31+ 0.39
DO dilepton —— 7.36 + 0.85 5.4 b
DO lepton+jets —— 7.90+ 0.74 5.3 fb”
DO combined — =i 7.56 + 0.59
0.20 + 0.56
Tevatron combined [ 2 | 7.60+ 0.41
m, = 172.5 GeV 0.20 + 0.36
B oo o | SEEEEREEE o o 2 o 0
6 7 8 9
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A consistent perturbative-order-analysis of the asymmetry

NL%—qq NNLO —qq

ﬂ'giﬂ'ﬂ + ﬂ'i No + Ofay)
EI:EDD + ﬂ'gﬂ';[ + ﬂ'gﬂg + @[&E]

, (D%Nl _ DiNs DgNl) . ]

D% Dy Dy

total LO total NLO total NNLO

(a2 Dy &fhl oDy~ 10 18% 1 12%]

|~ same importance

N1D, /Dy term and the No term

[Ny alN; ~ 1 1 50%]




(aiDo Dy agDy = 1 41% 2 2% NNLO-terms N,, D, are highly
(03N 1 a? Ny ~ 1 3%} - suppressed and negligible

Y g le\rl 9 D%f\ﬁ
A — j\I — g
o Dﬂll Q(Dﬂ)+as(93

we just call it approxi@wate NNLO asymmetry
\/

It is natural to assume all the
higher orders are also negligible 3 E\I
b oiVq

resummed === AFB = 5
a2Do +@: DD

m:fj\ﬁ + f}:ff}:f\ﬁ + a?Ny
G:ED[] + C}:EDl

include the -
electro-weak > Arp =




around 1c-error is obtained

E ] [
— — 5 g . =
_ AT 7 25f AL, (M== 450 GeV)
fi-rest frame AT b Lab frame Af - ) == (M +39
B 7 . -
0.25 BT 15F PRI

v
X
@

P — f—PMCMNLOY
AREME o977 AFRTMC &g a0% ‘ o, [pﬂ ) — 0.1460

Ff;!hflr:‘-.l.‘ﬂLﬂ ~ expl—19/10)m, = 26 GeV.

Hollik and Pagani, Phys.Rev.D84, 093003 (2011)

_ EPMCynp - _
Atp = (0.7,80,83)%, AP, = (6.4,5.9,5.4)%. Apg (Mg > 450 GeV) = 35.0% ‘

P
e | 4 ,
AL (M, > 450 CeV) = (13.9,12.8,11.9)%, —
CDF
——

ARCDF _ (158 +7.5)% APRCPY = (15.0 £ 5.5)%

A (M > 450 GeV) = (47.5 £ 11.4)%
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Figure 11.  Predivions for the my cumulacive ssymmerry: pure QCT) ar NLO and NNLO (s
derived in chis work), NLO prodievion of Hel. [11] incleding EW eorrections, s well as the PAC

sralo-seuing predicvion of Bef [11).
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FIG. 2. A comparison of SM predictions of Agg using Conv.
and PMC scale settings with the CDF [6] and DO [9] measure-
ments. The Conv. predictions are for the NLO pQCD predictions
with O(a?a) and the O(a?) electroweak contributions and the
PMC predictions are calculated by Eq. (5). The upper diagram is
for conventional scale setting, and the lower one is for PMC scale
setting. The initial scale is taken as u, = m,.
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Atlas, arXiv:1604.05538, A“{ttbar}\in [0.5,5.7]1%

T Conv., B3 Eeogram
— @ 1 | CMS FhysLeflE TIT.138 (2012
a1 Cls, JHEF 145,101 2014)

o 1
N CMS, CME PAS TOP-12-H0 (2012}

1 ATLAS, JHEF 1802, 107 |20 4]

& ]
ATLAS. ATLAS-COMF-2H2-057 [2012)
1 F. D, ardlv: 14088135 [2014)

| wodgenod avarags

[~ FMC, this work

-2 0 2 4 B 8 10
Ac (%)

FIG. 1 {color online). The top-quark charge asymmetry Ag
assuming conventional scale setting (Conv.) and PMC scale
setting for /S = 7 TeV; the error bars are for g™* € [m,/2, 2m,]
and p; € [m, /2, 2m,]. As a comparison, the experimental results
[49—5-4] are also presentad.

— 1 CMS, CMS3 PAS TOP-12-033 (2012)

T Ccomv., DS program

-
M ppc, this work

FIG. 2 (color onling). The top-quark charge asymmetry Ag
assuming conventional scale setting (Conv.) and PMC scale
setting for /§ = 8 TeV; the error bars are for 4™ € [m, /2, 2m,]
and p, € [m;/2,2m;]. The CMS measurement [80] is also
presented.

KA AR B R OB EBOE E 7T R TSR

Wang,Wu, Si,Brodsky, Phys.Rev.D90(2014)114034

&0
- PMC 1
r CDF{2013)
so | THT ]
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= a5t ]
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= 30
:-1‘: r L
= 251 ]
207 Rerpiz Ret. [11] Ref.000] ]
15¢ _L A &
10} ]
5

FIG. 1. Comparison of the PMC prediction for the top-pair
asymmetry Apg(M; = 450 GeV) with the CDF measurement
[5,6]. The NLO resulis predicted by Ref. [12], Ref. [11], and
Ref. [10] under conventional scale setting are presented as a
comparison, and are shown by shaded bands.
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» Top-pair production via e+e- collisions near the thréshold region
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Up to N3LO, total cross section of e*e™ — y* — tt can be written as

=0o(1+ras + a2 +rzad +-)

“f

A v(3 — v?
90 = Ne—3¢ (2 )e’fz

4m% -
= /1 - the velocity of produced quarks

we schematically factorize total cross section as the product of

non-Coulomb and Coulomb parts

o = 0y >< E>> Coulomb part <<}:I

1
rn=—"i,+r
1= T e

1 1

T =52 T =1y T 10y

UZ
1 1
T3 _27'3,172 + ;7"3’17 7"3,+

—

only numerical results !

PSLQ algorithm

reconstructing analytic form !

Non-Coulomb part PolyLogTools: C. Duhr and F. Dulat, JHEP 08, 135 (2019)

H. R. P. Ferguson, and D. H. Bailey, RNR Technical Report RNR-91-032 (1992)
H. R. P. Ferguson, D. H. Bailey, and S. Arno, Math. Comp. 68, 351 (1999)




The QCD coupling a? (q?) has been introduced for describing the interaction of
the non-relativistic heavy quark-antiquark pair, which is defined as the effective
charge in the following Coulomb-like potential:

V(2
V(q?) = —4nCp —“sé;‘ ),

where oY (q?) absorbs all the higher-order QCD corrections, which is related to
the MS-scheme coupling via the following way

2 2 2
q

(@) = () + (- ot ) ) + (02 = e + 04 310 ) 21 4+

_1(3,. 20
M= g\T9 4T g TP

1 [/4343 w® 22\ , (1798 56 55 20\’
(12:(47_[)2 162 + 41 _Z+?(3 CA_ W-I-?(g CyTpny — ?—1663 CrTen; + ?Tpnl

T. Appelquist, M. Dine and 1. J. Muzinich, Phys. Lett. B 69, 231 (1977)
W. Fischler, Nucl. Phys. B 129, 157 (1977)

M. Peter, Phys. Rev. Lett. 78, 602 (1997)
Y. Schroder, Phys. Lett. B 447, 321 (1999)
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a=ao><RNC

Rc=1+ Cp—as Y(sv?) + C? 172T ~ay)?(sv?)

2v

PMC

4
4

exactly non-conformal term

2

2
Re| = 1+Cr5-a¥(Q2) + G2 5t (0%) +.~V3(Q o)+

resum:

X

é—

1 — exp(—X)

X =

- =» Sommerfeld-Gamow-Sakharov factor

-
—
-

V(N2
7 Cp M Obtained by solving NR Schrdlinger equation
v

A. D. Sakharov, Zh. Eksp. Teor. Fiz. 18, 631 (1948)

The X 3-coefficient is exactly zero!
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After applying the
PMC, the scale
dependence is removed
and the pQCD
convergence near the
threshold region is
improved.

o(N'LO) — o(N"1LO)

<(N'L0) = o (N-1L0)
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Usual way for UHO-terms Bayesian analysis

B Conventional:

Varying scale — Rough order B S e A Aiaaanasass
estimation and cannot estimate B j
conformal contribution A || Providing more reliable foundation
m Convervative: - | | for constraining predictions of UHO
The one-order higher shall osh }} 1 | contributions
always be smaller than the given = O — “'!"“i'----l----|-—---|----|----1
order = T ==
B Resummation: 0-6( By applying PMC, uncertainties caused
Find a proper generating N NLO (o by the UHO-terms become smaller.
function — Pade approximation NSLO (PMCfresum) These results confirm the importance of
B Probability analysis: : i | aproper scale-setting approach.
Bayesian analysis “2TSH6 347 348 349 350 3s1 352 353 354 355
LRTO analysis — in preparation Vs (GeV)
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» Summary and outlook
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BIICAR KPR, W FEFEBECHAE RN TRESFANER

At fixed-order, guessing/using typical momentum flow as the
scale, one cannot get precise value for all-orders, and also for
each order, thus it becomes an important systematic error

PMC is not simply chosen “special/effective scale”,
but basing on RGE and standard RGI and using

general way to set the optimal scale such that to
achieve precise prediction at any fixed order

HIE, BERENEIIRAERMSHINEEINESR

5Stevenson, Kataevi K16 5Rik 2 4k 4
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Great thanks |
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