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Introduction

» asis a fundamental SM parameter

» s enters every precision study in particle physics

PDG 2021 world average

as(Mz) = 0.1179 £ 0.0009
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Introduction

» asis a fundamental SM parameter

» s enters every precision study in particle physics

PDG 2021 world average

as(Mz) = 0.1179 £ 0.0009

Thrust

as(Mz) = 0.1135 £ 0.0011

C-parameter

as(Mz) = 0.1123 + 0.0015

= “80 anomaly”

[Abbate, Fickinger, Hoang, Mateu, Stewart 10]

[Hoang, Kolodrubetz, Mateu, Stewart 15]

REVISITING STRONG-COUPLING DETERMINATIONS FROM EVENT SHAPES
PARTICLE PHYSICS SEMINAR - VIENNA

T
BOP 2008-16 | B
Boito 2018 T.decays
PDG 2020 low 02
Boito 2021 ]
Mateu 2018 d
Peset 2018 _
Narison 2018 (c¢) bOD J
B oun:
Narison 2018(b5)
BM19 (cC) states
BM20 (bb) 1
H
T
B8G06 —
R14 2
ABMP16
NNPDF31 — POF fits
cT18 ~
MSHT20 -
L
T
ALEPH (jé&s) ——————
oPAL (j&s)
JADE (j&s)
Dissertori (3j) ete-
lJADE (3j) jets
Verbytskyi (2]) &
Kardos (EEC) shapes
Abbate (T) ot
(Gehrmann (1) +—e——
Hoang (C) | +—@—i
1
N ]
Kiiinsma (tf) Ja
cus (tf) ——— nadh
[ e B Colider
a'Enterria (W/2)
HERA (jets) —
'
T
PDG 2020 | et "
Gritter 2018 L qctrawea
FLAG2019 He- lattice
| L L |
0.110 0.115 .120 0.125 0.13
2
Avgust 2021 as(M2)
GUIDO BELL

JANUARY 2024



New developments

Recent studies focused on non-perturbative effects from 3-jet configurations
» C-parameter in the symmetric 3-jet limit [Luisoni, Monni, Salam 20]

» general renormalon analysis [Caola, Ferrario Ravasio, Limatola, Melnikov, Nason 21; + Ozcelik 22]

095 1 effective shift parameter

aa9(f)

0.85 1= Thrust : do, NP do_ A
o | FARRR A CRECT)

> renormalon-type (massive gluon) computation starting from qg~ final state
> reconstructs QCD result as a sum over colour dipoles

= first (model-dependent) estimate of 3-jet power corrections
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New developments

Novel 3-jet power corrections have been implemented in «s fit
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New developments

Novel 3-jet power corrections have been implemented in as fit [Nason, Zanderighi 23]

PDG
0.8 T T T T
0.75
U

0.7 JEDEE T
L -
3-jet fit
0.5
0.45

0.112 0.114 0.116 0.118 0.12 0.122

as(Mz)

» fit to ALPEH data with Q = M only
» fit does not include resummation

» universality of non-perturbative corrections unclear (in particular for y3)

= conclusions are premature
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Our approach

Focus on 2-jet predictions that are theoretically well established

» SCET-based as extractions were performed by a single group

Thrust at N*LL with Power Corrections and a Precision Global Fit for a,(mz)

Riccardo Abbate,! Michael Fickinger,? André H. Hoang,® Vicent Mateu,® and Tain W. Stewart!

A Precise Determination of a, from the C-parameter Distribution

André H. Hoang,? Daniel W. Kolodrubetz,® Vicent Mateu,! and Tain W. Stewart?
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Our approach

Focus on 2-jet predictions that are theoretically well established
» SCET-based as extractions were performed by a single group

» Scrutinise implementation of non-perturbative effects

ay(m z) from global thrust fits

0.135:— + — perturbative error —:
E o(ad) E
0130_— 0.1300+ 0.0047 - Maln Focus,
[ + multijet boundary ]
L 0.1245+0.0034 J
0-125¢ ] » renormalon schemes
01201 . ] » perturbative scale choices
[ , a2 * o +b-mass & QED 4
0.115f  FVHsummation 0.1135£0.0009
; } ]
0.110L ]

[talk by V. Mateu@ s workshop 2011]

=- we do not aim at a competetive as extraction in this work!
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OUTLINE

PERTURBATIVE TREATMENT
RESUMMATION
MATCHING TO FIXED-ORDER

PROFILE FUNCTIONS

NON-PERTURBATIVE TREATMENT
GAPPED SHAPE FUNCTION

RENORMALON SCHEMES

as FITS
EXTRACTION METHOD

RESULTS
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OUTLINE

PERTURBATIVE TREATMENT
RESUMMATION
MATCHING TO FIXED-ORDER

PROFILE FUNCTIONS
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Thrust

Event shapes assign a number to the geometric distribution of hadrons

e *-

T~0 7~0.5

1

1 Lo
T:amgx (Z |p,-~n|)
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Thrust

Event shapes assign a number to the geometric distribution of hadrons

(i) —— Y
0.5

T7~0

Standard exercise to calculate O(as) distribution

1 do ()4 ascF{(f 71)5“)7 31 —87)(1+7) 2(2—387+3r?) ([IEL _In(t —27))}

og dT 2r T4 1-7) T T

o) 2 3 I
= 8(r) + M{(L _ 1)5(7) _ 2 4[2] + non-singular terms }
T 14
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do

Overall structure

Thrust distribution

2
1 do =4(7) + asCr (l — 1)6(7) _3_ 4{'”—7-} + non-singular » + O(aﬁ)
og dr 2r 3 T4 T 1y

peak region

» very sensitive to non-perturbative effects

tail region
5 10 |- r
» resummation of singular corrections
St . .
far-tail region
oL ‘ ‘ ; — » fixed-order QCD, but few events
0.0 0.1 0.2 03 04
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Singular contribution

For 7 — 0 all emissions are collinear or soft

1 do
P ~ H(Q, p) /dTn dri drs J(vTnQ, 1) J(VTRQ, 1) S(7sQ, 1) (7 — 7h — TR — Ts)
B
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Singular contribution

For 7 — 0 all emissions are collinear or soft

1 do
P ~ H(Q, p) /dTn drp d1s J(vVTnQ, 1) J(vVTaQ, 1) S(TsQ, p) (T — Tn — TH — Ts)
B
H(Q, 1): square of on-shell vector form factor
» known to 4—Ioop [Lee, von Manteuffel, Schabinger, Smirnov, Smirnov, Steinhauser 22]
REVISITING STRONG-COUPLING DETERMINATIONS FROM EVENT SHAPES GUIDO BELL

PARTICLE PHYSICS SEMINAR - VIENNA JANUARY 2024



Singular contribution

For 7 — 0 all emissions are collinear or soft

1 d
U—d—: ~ H(Q, p) /dTn dridrs J(v/nQ, 1) J(V/TRQ, 1) S(7sQ, p) (7 — Th — TR — Ts)
B

H(Q, 1): square of on-shell vector form factor

» known to 4—Ioop [Lee, von Manteuffel, Schabinger, Smirnov, Smirnov, Steinhauser 22]

J(/7nQ, 1): inclusive quark jet function

» known to 3—Ioop [Briser, Liu, Stahlhofen 18; Banerjee, Dhania, Ravindran 18]
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Singular contribution

For 7 — 0 all emissions are collinear or soft

1 d
& = H(Qu) [ dradm drs S0, 1) SO ) S(rsQ. ) 8(r = 70 = 70 = 75)
B

H(Q, 1): square of on-shell vector form factor

» known to 4-Ioop [Lee, von Manteuffel, Schabinger, Smirnov, Smirnov, Steinhauser 22]

J(v/7nQ, p1): inclusive quark jet function

» known to S—Ioop [Briser, Liu, Stahlhofen 18; Banerjee, Dhania, Ravindran 18]

S(7sQ, p):  thrust soft function
» known to 2-Ioop [Kelley, Schwartz, Schabinger, Zhu 11; Gehrmann, Luisoni, Monni 11]

» 3-loop computation on-going [Baranowski, Delto, Melnikov, Wang 22; + Pikelner 24;
Chen, Feng, Jia, Liu 22]
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Resummation

Resum singular corrections to all orders using RG techniques

Mo
d Q@?
H(Q, 1) = |2Meusp(crs) In —5 + ym(as) | H(Q, 1) P
dinp %
Hs
= H(Q,p) = H(Q, pr) Un(pn, 1)
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Resummation

Resum singular corrections to all orders using RG techniques

Hu
d @?
H(Q, /l) = 2rcusp(as) In — + 'VH(O‘S) H(07 ;U') 124
dinp %
s

= H(Q,p) = H(Q, pr) Un(pn, 1)

All ingredients for N3LL’ resummation are known, except for 3-loop soft constant

—19988 + 5440 EERAD3

mw

691 £ 1000 Padé

= EERAD3 is our default choice, but we also study the impact of switching to Padé
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Non-singular contribution

Thrust distribution is known to O(a2) [Gehrmann-De Ridder, Gehrmann, Glover, Heinrich 07;
Weinzierl 09]

+ +
= implemented in public EERAD3 generator [Gehrmann-De Ridder, Gehrmann, Glover, Heinrich 14]
REVISITING STRONG-COUPLING DETERMINATIONS FROM EVENT SHAPES GUIDO BELL

PARTICLE PHYSICS SEMINAR - VIENNA JANUARY 2024



Non-singular contribution

Thrust distribution is known to O(a2) [Gehrmann-De Ridder, Gehrmann, Glover, Heinrich 07;
Weinzierl 09]
= implemented in public EERAD3 generator [Gehrmann-De Ridder, Gehrmann, Glover, Heinrich 14]

Combine singular and non-singular contributions

- 2
oPT(r) = oc,sing(Ti LH> Hyy HS) + CYs(uns)r;(‘r) 4 (U‘S(Hns)) 2(r) + o il () In Hns
oo 27 27 Q

csling) ) i Bt n w
+(%) {f2(7)+250f§(7)ln§+r;(7)(?1|n§+ﬁgln2§>}

= need to determine remainder functions ré(r)
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Remainder functions

Compare our extraction with 2010 analysis from Abbate et al

analytic 101 events, =10 12 100 events, =107
Y/ 0 0
0
e B ] ~10} P @
2 olea? 3
o af@n . 0 @™
-2 -4 -30
-40
-3 -6
-50|
-4 -8 -60
.0 0.1 02 03 04 0.5 0.1 02 03 04 05 .0 0.1 02 0.3 04 0.5
i
[analytic] [1010 events, yp = 10*87] [108 events, yg = 10*5]
0’ 0.1 0.2 0.3 0.4 T 0.5 Oﬂ.ﬂ 0.1 0.2 0.3 0.4 0.5 00 0 0.1 0.2 0.3 0.4 T 0.5
: T : i : - : : ] : : : - ]

) ::g %I‘noaz -10
2 -4 -30
3 6 -40 fit | interpolation
50
-4 -8
» high-statistics runs reveal that EERAD3 is unstable for small 7 values
= use N3LL’ + O(a?) predictions for the o fits
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PARTICLE PHYSICS SEMINAR - VIENNA JANUARY 2024



Profile functions

Perturbative prediction depends on four dynamical scales: uy, py, s, tns

= use scale variation to estimate higher-order corrections in all sectors of the calculation

100} 2018 Profiles (64 Variations )

80)

E -

GeV

20f

» 2018 scales were designed to describe angularity distributions [GB, Hornig, Lee, Talbert 18]
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Profile functions

Perturbative prediction depends on four dynamical scales: uy, py, s, tns

= use scale variation to estimate higher-order corrections in all sectors of the calculation

100} 2018 Profiles (64 Variations ) A 100} 2010 Profiles (64 Variations ) A
80 M 80| v
My Hu
> 60 > 60)
8 8
40f L 40§
20| 20
0} 0}
0 0.1 02 03 04 0 0 0.1 02 03 04 0

» 2018 scales were designed to describe angularity distributions [GB, Hornig, Lee, Talbert 18]

» 2018 scales are more conservative than the 2010 scales used by Abbate et al

» 2018 scales are similar to the 2015 scales used by Hoang et al
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Profile functions

Perturbative prediction depends on four dynamical scales: uy, py, s, tns

= use scale variation to estimate higher-order corrections in all sectors of the calculation

100} 2018 Profiles (64 Variations ) A 100} 2010 Profiles (64 Variations ) A 120!
80 M 80 v 100
HH . HH 50
3% 3% %«
0 Solid:  m,=1
C a0 L © 40 © Dushed: 1, =0
40 Dotted: n, =1
20 20 " -
20 2010 Non-singular
0} [U 0|
0 0.1 02 03 04 0 0 0.1 02 03 04 0

» 2018 scales were designed to describe angularity distributions

v

2018 scales are more conservative than the 2010 scales used

0 0.1 02 03 04 0.5

[GB, Hornig, Lee, Talbert 18]

by Abbate et al

» 2018 scales are similar to the 2015 scales used by Hoang et al
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OUTLINE

NON-PERTURBATIVE TREATMENT
GAPPED SHAPE FUNCTION

RENORMALON SCHEMES
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Non-perturbative effects
Dijet factorisation theorem relies on SCET-1 scale hierachy py > py > us

Peak region: pg ~ Aaco
» fully non-perturbative shape function

= theoretical prediction becomes very model dependent
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Non-perturbative effects
Dijet factorisation theorem relies on SCET-1 scale hierachy py > py > us

Peak region: pg ~ Aaco
» fully non-perturbative shape function

= theoretical prediction becomes very model dependent

Tail region:  pg > Aaco
» OPE of soft function
1
S(k) = ﬁTr<Q}S,1;Sn 6<k - /dn e 1l sr(n)) S}85|Q) = 8(k) — 204 6’ (k) + . ..
c

= translates into a shift of the perturbative distribution [Lee, Sterman 06]

do Nnp do 2Q,4
=)

01 = 4 T (9|S1S: £7(0) S}Shl)
c
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Gapped shape function

Specific implementation of non-perturbative effects [Korchemsky, Sterman 99; Hoang, Stewart 07]

Sth,us) = [ ok’ Ser(k — K us) foo(K' —28)

perturbative soft function shape-function model
» gap parameter A models minimal soft momentum of hadronic final state

=- convolution with perturbative cross section yields shift

20, = 2Z+/dkkfmod(k)
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Gapped shape function

Specific implementation of non-perturbative effects [Korchemsky, Sterman 99; Hoang, Stewart 07]

Sth,us) = [ ok’ Ser(k — K us) foo(K' —28)

perturbative soft function shape-function model
» gap parameter A models minimal soft momentum of hadronic final state

=- convolution with perturbative cross section yields shift

20, = 2Z+/dkkfmod(k)

Spr and A suffer from renormalon ambiguities in the MS scheme [Hoang, Stewart 07]

= switch to a renormalon-free scheme
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Renormalon subtraction

Redefine gap parameter

A = A(ps, pr) + (us, 1R)
N e N e
renormalon free  cancels renormalon ambiguity of Spr
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Renormalon subtraction

Redefine gap parameter

A = A(ps, pr) + (us, 1R)
N e N e
renormalon free  cancels renormalon ambiguity of Spr

Class of schemes that is free of leading soft renormalon [Bachu, Hoang, Mateu, Pathak, Stewart 20]

>

»

dn

W In [gPT(Vv us) 9721/6(”5’”'?)] =0

v=¢/1R
derivative rank n > 0

reference scale ps

subtraction scale upg

overall normalisation £ = O(1)

= different choices of {n, &, us, ugr} define different renormalon subtraction schemes
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R-gap scheme

Used in 2010 and 2015 analyses
R Scheme: {n,¢, us,up} = {1,677, us, R}

» additional profile for subtraction scale ug

palr) = A7) = {

Dependence on ugs and pg is controlled by RGE

Aps, pR) = — 3(ps, pR) = v [os(ps)]
dlinps dlinps
d d
—— A(pr, #R) =  ——5— (kR, pR) = =R [as(1R)]
dug dpr

REVISITING STRONG-COUPLING DETERMINATIONS FROM EVENT SHAPES
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Ry + pq7 + upm® 7 <t (peak region)

ns(T) 7>t (tail and far-tail)

“R evolution*
[Hoang, Jain, Scimemi, Stewart 08]
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R-gap scheme
Effective shift of perturbative distribution

Cet(7) = / dk k e~ 20s ) & £ (k — 20(uig, 1iR))

10 Default Fitting Window
"Dijet' Fitting Window

09 . . .
3 R evolution induces a larger shift
}*,E, 0 Constant Shift (Eq.(1))
£0r NALL's Ofad) for larger values of 7
2

0.6/

Rao10
0 0.1 02 03 04 05

= can one find a scheme in which the growth of the shift is mitigated?

GUIDO BELL
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R* scheme

We propose a closely related scheme
R* Scheme: {n,&, ps,up} ={1,e 7 7E,R*, R*}
R Scheme: {n, & us,up} ={1,e7 7€, ug, R}
» modified profile for subtraction scale g

X Ry + pq7 +upm® 7 <t (peak region)
pa(T) = R*(r) =

Rmux T>Hh (tall and far—tail)
100} 2018 Profiles (64 Variations ) A . .
] » no logarithms in £&

80 p KR
T . . .
3 P » subtractions must be reexpanded in as(ug)

2 = . , .

i = logarithms in Z—? only arise at O(ag)

0 0.1 02 03 04 0.5
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R* scheme

We propose a closely related scheme
R* Scheme: {n,&, ps,up} ={1,e 7 7E,R*, R*}
R Scheme: {n,g,ﬂéyﬂﬁ} = {179_’YE’M37R}

» modified profile for subtraction scale g

Ry + pq7 +upm® 7 <t (peak region)

palr) = R'(r) = {

Rmux T>Hh (tall and far—tail)
100} 2010 Profiles (64 Variations) . .
—— + » no logarithms in £

80 o MR
2 60 ) . .
8 . » subtractions must be reexpanded in as(us)

20 " R . L us . 3

o | = logarithms in s only arise at O(Oés)

0 01 02 03 04 0
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R* scheme

Effective shift of perturbative distribution

Cet(7) = / ok k e~ 20s in) & £ (k — 20(uig, 1iR))

Default Fitting Window

‘Dijet Fitting Window
- T,

09
f;
s Constant Shift (Eq.(1))
2
50,7/ N3LL'+ O(a?)
g

06 R%OIS

Ra010 Rgyo
0.
0.1 02 03 04

0.5

» effective shift flattened as desired
» corresponds to < 10% modification

of dominant power correction

= the scheme is not necessarily preferred, but it allows us to verify if

the predictions are stable under a variation of the renormalon scheme
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Differential distributions

We compare two renormalon schemes (R,R*) for two profile scale choices (2018,2010)

04 R . 0.4
2018 N3LL'+ O(e?)
- " Ry10
0.3 NNLL + O(e;) 0.3
NNLL + O(ay) \
0.2, NLL' + O(a) 0.2 X
01} 7 do, 01l 7 do
O dT O d7
0.0 00
010 015 020 025 030 010 015 020 025 030
T T
04 R; . 0.4
2018 N3LL+ 0(a?)
03 NNLL + O(a?) 03
NNLL + O(a,)
02 NLL' + O(ay) 02
01} 7 do, 01f 7 do,
T dT O dt
00 %16 015 020 025 030 0% 05 00 05 030
T T

[Q = mz, as(mz) = 0.11,Q;(Ra, Ra) = 0.4 GeV, Ry = 1.5 GeV]
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Differential distributions

We compare two renormalon schemes (R,R*) for two profile scale choices (2018,2010)

15f
N3LL'+ O(a?)
o 10 szZ
g
S
g 5
=]
[0}
Q
2 0
8
5
S
k> -5
@ 10f /'R R;
- 2010 &2010

Ronis Rigrg

|
—
)

0.10 0.15 020 025 0.30
[Q = my, as(mz) < 0.1, (Ra, Ra) = 0.4 GeV, Ra = 1.5 GeV]
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OUTLINE

as FITS
EXTRACTION METHOD
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Extraction method

We perform a x2 analysis at the level of binned distributions

_ 1 do
f=2 AV, =g ()
isf

exp  1do th

P ()

» theory bins from cumulative distribution according to midpoint prescription

= T =
MP Otot T2 —Tq 2

th 1 oc(re, pa(7)) — oc(r1, pa(7)) _ T+

» correlation of systematic experimental uncertainties estimated via minimal overlap model

ij|MOM :( stat) 5 +mm( &y e;y.q)Z

» theoretical uncertainties estimated from a random scan of O(1000) profile parameters

2
. . g OO0
= parametrised by an error ellipse Kipeory = a Paq > Q
PaQ 0a0Q g
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Experimental data

52 datasets with varying center-of-mass energies

ALEPH 91.2, 133, 161, 172, 183, 189, 200, 206
DELPHI  45,66,76,91.2,133, 161, 172, 183, 189, 192, 196, 200, 202, 205, 207

JADE 35,44
L3 41.4,55.3,65.4,75.7,82.3,85.1,91.2,130.1, 136.1, 161.3, 172.3, 182.8, 188.6, 194.4, 200, 206.2
OPAL 91,133, 161,172,177, 183, 189, 197

SLD 91.2

TASSO 35, 44

Two fit windows
» default 6/Q<7<0.33 488 bins
» reduced 6/Q <7 <0.225 371 bins

Two fit parameters
> as = as(myz)

> Q= Q1(RA, RA) with Bp = 1.5 GeV
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Results

R scheme with different profile scale choices

0.50! Dashed Lines: 68% C.L. {
Solid Lines: 95% C.L.
045 ]
Rao010
— 040 ]
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3
=035 ]
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Results

2018 scales for different renormalon schemes

0.50 Dashed Lines: 68% C.L. ]
Solid Lines: 95% C.L.
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Results

2010 scales for different renormalon schemes

0.50 Dashed Lines: 68% C.L.
Solid Lines: 95% C.L.
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Fit quality

All schemes provide good fits to the data

110
03 R3o10 Raoio ] N3LL'+ O(a?)
Roos Ragrg Rao10

105} Roos

*
R2018

N3LL'+ O(?)

6 R 1 TE[E,O.SS]
TE l§,0-33l ’ 095 0
95% C.L. Ellipses

1 1
0.110 0.112 0.114 0.116 0.118 0.110 0.112 0.114 0.116 0.118
a(mz) ay(mz)

> R3yq slightly less preferred than the others
» spread of {as, Q4} values much larger than Ryg1g ellipse would suggest

= sign of additional systematic theory uncertainties?
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Reduced fit window

Compare with fits that concentrate more on dijet events

2 1.10]
05 N3LL'+ O(a;) Raoio - Solid: re[go.as]
R Dashed: 7 [%.0,225]
0.4 1.05
- R3o10 X
[ = R0 R3ors
= o R;
q'“ - 1.00 2010
. 6 . Tl eI
Solid: 7€ [—,0.33]
02 0 )
Dashed: 7 ¢ [g,o.zzs] 95% C.L. Ellipses 095 N3LL'+ O(@?)
0.1 ]
0.110 0.112 0.114 0.116 0.118 0.110 0.112 0.114 0.116 0.118
ag(mz) a(mz)

» only mild effect on the extracted {«as, 4} values
» universal trend towards lower x2 ; values among all schemes

=- may reduce uncertainties from uncontrolled extrapolation into 3-jet region
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Comparison to prior analyses

Our setup is similar but not identical to the 2010 and 2015 analyses

>

>

>

>

>

we use N3LL’ + O(a2) predictions instead of N3LL’ + O(ad)

we use a very different numerical value for cg

we do not account for bottom and hadron masses or QED effects
we use a slightly different method for calculating binned distributions

we use a slightly different fit method

= all these points are unrelated to the main concern of our analysis

(renormalon schemes and profile scale choices)

= in fact our analysis represents the first independent confirmation of the prior analyses!
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Impact of ¢

Compare extractions that use two different values of the 3-loop soft constant

—19988 + 5440 EERAD3

3 =
S =
691 + 1000 Padé
045 . N3LL'+ O(a7) .
. minor im n
cer®.033] > or impact on as
0.40 Qo
z Global Q » noticeable downward shift for €4
9_ 035 Abbate et al. 2010
¢ = brings our extraction into even better
030 Raoio
REYe agreement with Abbate et al
95% C.L. Ellipses
0.25]
0.112 0.113 0.114 0.115

ag(mz)
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Conclusions

We revisited as determinations based on global thrust data
» our analysis represents the first independent confirmation of the previous analyses
» we find that the extractions are very sensitive to scheme and scale choices
= view this as a signal of systematic theory uncertainties
» fits that are based on dijet events show a better fit quality

= propose to perform fits that are more focussed on this region

» further progress possible on perturbative side
= O(a?) remainder function, 3-loop soft constant cg, resummation of O(r) corrections
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