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o, Snowmass White Paper

m Overarching themes: What is the current state-of-the-art and ultimate
theoretical & experimental precision of current o, extraction methods?

What needs to be achieved in order to reach a ©(0.1%) precision?

m Each contributor was requested to provide a few pages summary of their
work addressing the following questions:

» Theory: What is the current state-of-the-art with regards to higher-order
corrections (pQCD, mixed QCD-EW) of your calculations of a_.-dependent

observables? What is the impact of non-pQCD corrections/uncertainties?
(Are there new technigues to reduce them?) Provide your personal wish-list
in theory/data developments needed to reach your ultimate o, precision.

» Experiment: What are the current leading syst./stat. uncertainties of your
favorite a_-dependent observable? What are the future reductions of

syst./stat. uncertainties expected with current and future (e*e”, e-p, p-p)
machines? (Are there new observables being considered?)

Provide your personal wish-list in data/theory developments needed to
reach your ultimate a precision.
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o, white paper contents

m 0s(2022) workshop at ECT*-Trento (Feb. 2022) with S. Kluth & G. Zanderighi
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Motivation: QCD coupling a._

m Determines strength of the strong interaction between quarks & gluons.

m Single free parameter of QCD in the m,=0 limit.
m Determined at a ref. scale (Q=m,), decreases as a_~In(Q%/A?} A~0.2 GeV

. T ™ Y La— | 0.5 : Sep 2003
S\ e Uncert.~6% ;@i Uncert.~2.5% | Q) Uncert.~0.5%
{ T . 04 r‘il \ ] v Tdecays (N'LO)
| & Lattice QCD (NNLO)
' 03 & DIS jets (NLO)
03l N\ o Heavy Quarkonia (NLO)
. o e'e jets & shapes (res. NNLO)
¢ 7 pole fit (N*LO)
o2l R, 02+ v PP -> jets (NLO)
Ttk
o1l . M_
1989 | |2000 " 2013
L i i hd A 4 sl A PR Y ol - . o - . . .
1 L] Q [(-;e\'l e 1 10 Q [Gev1 100 l 10 100 Q [Gev] l{]{m
g (M) = 0110008 (NLO) » as(M;)=0.1184£0.0031 (NNLO) » 0s(Mz) = 0.1185 £ 0.0006 (NNLO)
G. Altarelli, AnnRev. Nucl. Part. Sci. 39, 1989 S.B.,J. Phys. G 26, 2000
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Motivation: QCD coupling a._

m Determines strength of the strong interaction between quarks & gluons.

m Single free parameter of QCD in the m,=0 limit.
m Determined at a ref. scale (Q=m,), decreases as a_~In(Q%/A?} A~0.2 GeV

— i — | 0.5 — —~ 0.35 = —————y
; I ' ‘> F T decay (N3LO) += ]
S\ e, Uncert.~6% ;@i Uncert.~2.5% |z | low & cont. (VL) 12
[ T ) LN ets -
A ] 04 rl‘, k 1 031 \ Heavy Quarkc;]nia (NLO) =
[ \ ete” jets/shapes (NNLO+res) —*— ]
_ pp/pp (Jets NLO) —=— -
Y 0.25 EW precision fit (N> LOy—=— 7]
3 | 03} (NN . pp (top, NNLO) ++
i . W _ Uncert.~0.8% |
02| L. t '.::::::.-Z:__ : ]
[ 0.1 Cee :
0.1 |
{
(1983 ., 2000 2021
ol e — PR MR |
" QIGev] 1 10 Q[GeV] 100 o 100 olo0
eV
ag(M.)=0.110")008 (NLO) » ag(M.)=0.1184=0.0031 (NNLO) » » 0 (Mz2) = 0.1179 £ 0.0010
G. Altarelli, Ann. Rev. Nucl. Part. Sci. 39, 1989 S.B., 7. Phys. G 26, 2000

» Least precisely known of all interaction couplings !
oa ~10* <« 606G, <« 107 <« 6G~10°< 60 ~10°
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Motivation: a_ importance beyond QCD

Process O (pb)

das(%) PDF +a,(%) Scale(%)

m Precision calculations of Higgs hadronic x-sections/decays, top mass, EWPO:

Msbar mass error budget (from threshold scan)

(EMFPTIv)=P  (SMPPTO) e (3 (7)) O (7 (7))
40 MeV 50 MeV 7-23 MeV

= improvement in as crucial da,(M,) = 0.001

Quantity FCC-ee future param.unc. Main source

geH 49.87 + 3.7 -6.2 +7.4 261 +0.32
ttH 0.611 + 3.0 + 8.9 9.3 +59
Partial width intr. QCD | para. mq para. as
H — bb ~ 0.2% 1.4% 0.4%
H — cc ~ 0.2% 4.0% 0.4%
" H —gqg ~ 3% < 0.2% 3.7%
m Impacts
0.06 \
L AW my, = 124 GeV
r \ m, = 173.2 GeV
0.04 - a3(Mz) = 0.1184 ]
:S; 0.02 }
% 0.00}
g I
% —0.02 B
= [
_0.04 - m, =175.Gev |
—0.06L_1 1 M
102 10 10 10% 10! 102 10 10'¢ 10'® 102°

RGE scale u in GeV
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r, [Mev] 0.1 0.1 S
Ry [1079) 6 <1 Sas
Ry [1073] 1 1.3 Saus

Sven Heinemeyer — 1st FCC physics workshop, CERN, 17.01.2017

physics approaching Planck scale: EW vacuum stability, GUT
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World a_determination (PDG 2021)

m Determined today by comparing 7 experimental observables to pQCD
NNLO,N3LO predictions, plus global average at the Z pole scale:

[Huston/Rabbertz/Zanderlgh|]

0.35 e
i T decay (N3LO) |—-—| 1
' (1) T decays low Q? cont. (N°LO) e
os b HERA jets (NNLO) i ]
B S Heavy Quarkonia (NNLQO) :
(2) QQ e'e” jets/shapes (NNLO-+res) F» ]
- '\ pp/pPp (jets NLO) e
0251 EW precision fit (N°LO) +e— 7]
PP (top, NNLO) 1 1
S o2k ) DIS, PDFs I ]
= N : 1
- E iltn e W,tt,j,...
= a (M) = 0.1179 + 0.0009 :
0.05 L ] e e
1 10 100 1000
August 2021 Q [GeV]
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World-average a_(PDG 2021)

m Average of pre-averages from 7 categories of observables:

a (M) =0.1179 £ 0.0009 (£0.8%) 0P 200510 e
Boito 2015 |—-¢_|—-| T de‘sizays
Hadronic tau decay (4 values): B [ - low 0
a (M) =0.1178 £ 0.0019 (+1.6%) PR 1_ : 1
Peset 2018 I KE—o | QQ
Quarkonia properties (4 values): B [personzoisica : States
a (M) =0.1181 £ 0.037 (*+3.3%) S—— —+
R14 |_.._{
DIS & PDFs fits (6 values): » Jgf;';;:;gl — =l PDF fits
a (M) =0.1162 £ 0.0020 (+1.7%) e = ,_?__ '
e*e - hadrons final states (10 values): aoE o : F_* -
a (M) =0.1171 £ 0.0031 (+2.6%) B [roro ——re Sett |
E::Sisgégﬂ L E;I‘_H: Sh.';s;:nes
Hadron collider measurements (5 values): Genrmann (™ —e—§
a (M) =0.1165 + 0.0028 (+2.4%) P -
o B ==E” |
Electroweak precision fits (2 values): denterria (W/2) e cplliders
(M) = 0.1208 + 0.0028 (+2.3%) NE o
Gfitter 2018 ' ;_g_.:_'electroweak
Lattice-QCD (1 FLAG value): » | d; .
a(M,) =0.1182 + 0.0008 (£0.7%) AT

August 2021 aS(M%)
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(1) o, from lattice QCD

m Comparison of short-distance quantities (QCD static energy/force, light-q &
heavy-Q currents, quarkonium,..) computed at N23LO in pQCD to lattice data
with m__ f _experimental constraints:

had” “had [FLAG Collab. http:/flag.unibe.ch]
) FIAG2021 s
KNP = KPT — Z?‘I_U Ciﬂiz FLAG estimate
= oy —— ALPHA 17

] b ! { PACS-CS 09A

m Community-agreed (FLAG) criteria . S R 10
& —H1 Bazavov 14
based on: renorm. scale, pQCD . O Py 1
behaviour, continuum limit, peer- El—a— | = g
reviewed results. 5 =S St aken 0o
z —_LH— HPQCD 05A

Petreczky 20

Petreczky 19
aezawa 16

m Current uncertainties driven mostly . —
by pQCD truncation & matching, and g !
continuum limit (lattice spacing

Zafeiropoulos 19
ETM 13D

—1
o
_D_.m HPQCD 08B

& computing stats). $ o 1S
ﬁ" | —MNakayama-18
0.110 0.115 0.120 0.125

- Uncertainty in a_ halved with reduced latt. spacing, N**LO pQCD, active
charm quark, extension of step-scaling method to more observables.
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(2) o, from hadronic t-lepton decays

) I'(t™ — vy + hadrons) . 4 g\ .
m d at N3LO: g, = — SewNc(1 os O(a®) + 6,
m Co pute R T = vee 12 SewNe (1 + ;Cn ( - ) + O(a;) + dnp)

m Experimentally: R, o = 3.6355 £ 0.0081 (£0.22%)

Moment's perturbation series:

m Uncertainty driven today by: H p— t
— Differences in pQCD approaches. b //
FOPT vs CIPT OPE expansions: .
— Treatment of non-pQCD e
corrections (duality violations): ] L ;
. - 0:06 - e 1= M_L .
Note: (A/m ) ~ 2% e W =
o= Hadronic T spectral function

s (GeVv?)

» Future prospects:
— Reconciling FOPT vs CIPT results (IR renormalon-free gluon condensate)
— Better spectral functions needed:

BELLE-II (~now). Longer future: O(10*) Z - tt at FCC-ee(90) !
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(3) a_from DIS struct. functions & PDF fits

m N3LO/NNLO analysis of (non)singlet struct. functions (BBG, JR14)
(and NNLO global PDF AMBP fit) tend to give “lowish” a (M) ~ 0.1150

2
2y _ f“LR) dz (n) 2 2 2 A
P(z,Q%) = Z Z / —Cy (5 Q7, iRy M) f@/p :#F +0 2
=0 1=q,9 '
~ 0125
0.5 E« - PDG2016
. r : i
| J. Bliilmlein, H. Bottcher, and A. Guffanti, EL“J”S N m HERA I+11 + fixed-target
[ Nucl. Phys. B774, 182 (200”) - [
0.4 o [ 0 HERA I + fixed-target
F xd(X) il
0.3 :— -—- N3LO < 0.1175 —
. NNLO SLAC . NMmC
0.2 | 0.115
N ™ ==
= (312) — 0.1141+09-0020 01t - }
0 |- @s z) = L. —0.0022 ~ I B HT fixed
| Ll | Ll | L i Ao HT fitted
-3 -2 -1 s HERA I1+11
10 10 10 X L BCDMS
- HERA 1
oq08 b o 0 L
1985 1990 1995 2000 2005 2010 2015

year

m Neglect of singlet contribs. for x>0.3 in NS fits? Size of higher-order corrs.?
» Future: New high-precision F (x,Q%) & polarized g (x,Q?) at EIC.
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(3) a_from DIS struct. functions & PDF fits

m NNLO global PDF+a_fits: CT18, HERAPDF2.0+], MSTH2020, NNPDF3.1

CT18 NNLO
@ (M7)=0.1164+0.0026 at 68%CL MSHT2020 NNLO ag(Mz?) %2 variation

100~ 7000 i
(I\/I)—01164+0026J (M) =01174 0013 /.
| bestfncxs(mz) 0.1174,

“HERAI+II

I Total 6500 -
/1 "BCDMS p 3 ¥2 = 5119.5 for 4363 points
. . ]—€MSS8 jets
= ]
3 ] X2 6000 - -
g
%j - —€EMS7 jets
1+—E866pp
|—€DF2 jets 5500 - total x2  + B
| EHCb8WZ it i
~ —ATLAS7 jets
D02 jets
ol ‘ ‘ . ‘ . ‘ _ ] ATL8ZpT 5000 P T (R R R R
0.110 0.112 0.114 0.116 0.118 0.120 0.122 0.124 0.105 0.110 0.115 0.120 0.125 0.130 0.135
as(Mz) as(MZZ)
H1 and ZEUS
=
Nj 14 F NNLO, inclusive + jet data
2 2
' ® Q.= 35GeV Total - L, NNLO
NX 12 b . o NN DF3I1 B : NLO
Top quark pair praduction - T
1156 + 0.024 |
ccs-free fit — +
8 - Collider Drell-Yan - as(Mz) 0'1185 - 0'012 bt
uncertainties:
6 ixed Target Drell-Yan |
I exp./hadr. Fied Target Drell-Yan
4 [ model/param. Inclusive Jets -
2 L scale Collider DIS (HERA) | R
o L Fixed Target neutrino DIS- | —— ——
L L L I Fixed Target charged lepton D15 =
0.11 0.112 0.114 0.116 0.118 0.12 0.122 0.124 0.126 pwe oa1n o 015 G140
2 ) X . X .
oM, as(mz)

m DIS/FT (LHC) data tend to prefer lower (higher) values of o (M.).

m Size of missing HO corrections? Global fits at N*LO needed.
# Future: +0.2% at LHeC/FCC-eh
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(4) o from e*e: event shapes & jet rates

m Computed at N*3LO+N@LL accuracy.
m Experimentally (LEP): Y |pi-n
. 7 =1 — max —
Thrust, C-parameter, jet shapes Y7
3-jet x-sections =
J - . 3X,; |l 5] sin® 6
m Results sensitive to non-pQCD €' =3 Sk
(hadronization) accounted for o
via MCs or analytically:

Full NOLL results| | ] ALEPH (j&s) =i}
C—parameter_‘_ S ] OPAL (j&s) :
norm ° ] JADE (j&s) :
A § Dissertori (3]) _ ; ete”
e : JADE (3]) ; = i jets
GeV Thrust with 0 i Verby’tﬁkyi |:2J]| sh——i &
2r C—Parameter with QF 7] Kardos (EEC) } H | sha pes
Thrust laﬁi_(.P)majnf[ij‘t\Hh 0§ = flll _ gbbate (T) . - . ; :
norm [ o oo ] ehrmann (T) | ® g :
B ] Hoang (C) —e—i I
00_.1'16 6112 014 0116 o118 012
aame) a,=0.1171 £ 0.0031 (+2.6%)
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(4) o from e*e: event shapes & jet rates

m Computed at N*3LO+N@LL accuracy.
m Experimentally (LEP): Y |pi-n
: 7T =1 — max —
Thrust, C-parameter, jet shapes Y7
3-jet x-sections =
J . . 3X,; |l 5] sin® 6
m Results sensitive to non-pQCD ¢ =35 Sk
(hadronization) corrections. e

* Improved evt-shape power-Corrs:  , \1odern jet substructure techniques:

OPAL 3 jet event

Z(C) 1 ”
Soft drop” can help reduce non-
L a2 —— b PQCD corrections for thrust:
lb2 b3
=-=@-- CSDipole ---M--- PanLocal T T T Tain 0.16 Fna) | T T — T
10 e—&-= PanGlobal -=-k-= FHP 0170 b . :’0.05 '_._"—'—' ] - NP (ana) _péaér:
T I 1 Bkl s =00 — ]
0.150 } ] Zeut = 0.2 —a— | 0.14 |
0‘140 B . Zeut = 0.33 F—a—m ]
g 0.130 | {H ' { - 0-13 |
ool R.h }{ _____ ||
0.110 | ; : { » { . o1
0100 |F =1 ' - L
0.090 _Q:91.2.GE\/ ! ! | 0.1 : -
2 4 g E 0.09 Fo =912 GV
B E 0 U.E]l 0.;]2 0.;]3 O,E]LL (],E]EJ O.E](j 0.07

Tmin

% Future:
— Power-corrections for shapes, (N23LL) resummation for rates. Grooming.

— New e*e data at lower-vs (Belle-Il) & higher-vs (Higgs factories) needed.
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(5) a. from hadron collider x-sections (ttbar)

m So far, only top-pair and W,Z boson x-sections available at NNLO.
(Jets also available at NNLO since couple of years: (long) analysis ongoing).

m Method: Compare s(exp) to s(NNLO) computed w/ diff. PDFs/a._: Extract o

m o(tt) [dis]Jadvantages: Direct sensitivity to o [uncertainties: ~5% exp./th., m

— 220 — 220
5 - Fit points g
= 210F for NNPDF30 (no LHC) (NNLO) = 210
o] F ——— Measuredo,(=10) =]
2001 Predicted o (= 10) 200
190 190
180 180
170/ ' 170
60E- Multiply|
150 #1 150
140?— T T 140
0.11 0.115 0.12 0.125
L
\s =7 TeV; ag(my) = 0.1184 —_
5 MEBEAEME LG  SLEASLELIMI e e S 003
S ool —— CMS,L=23fb" <
b'if - ’n" ------- Top++ 2.0, ABM11 20,025
@ ECHEN Top++ 2.0, CT10 7]
200 QO i | e Top++ 2.0, HERAPDF1.5 ] T
BRis p++ 20, 21lp  © oo
C i S R Top++ 2.0, MSTW2008 1 >
. B = 5
180 Top++ 2.0, NNPDF2.3  — B o015
e
T S
160_— i WK o o001
140_— c ! 0.005
- S
B §i5
| >N
1200 e '9 e 1, A 0
165 170 175 180 185I 190
m{"’e (GeV)
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—+— Predicted o*>

Measured (Jflm

0.0016
0.0014

= I:I Multiplication of u:“n and (1:{19‘"" —joomz
;_ —lo.001
;_ —lo.0008
= —{0.0006
E gE 2 —{0.0004
E. —o.o002
el P H O S B B A
0.11 0.115 012 0.125
5
} Projection on o, axis
C 0.11784
— o . .
o Marginalize
C Oitt
C 0.12264
~0.11302
[1-0.00482) ® @ (+0.00480)
O S S S | I R
0.11 0.115 012 0.125
o
15/21

top]

Analysis of 8 data sets

(<2018)

< :
™ B
b= ;
© 4 O
: —
o_. ] <
MO : <
LT = !
53
r ] :
Zc . :
2~ 5
—
= : — -
= : -
o I R <
— :
— o
o _ : *
0O : : |
LT —_— :
=) : I
oo g —_— z
= c I N :
Z~ : :
1 | Il 1 E | 1 1 1 | E 1 1 Il |
0.110 0.115 0.120 0.125
+0.0034 o.

ag(mgz) = 01177

—0.0036
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(5) a_from hadron collider x-sections (W,Z)

m So far, only top-pair and W,Z boson x-sections available at NNLO.
(Jets also available at NNLO since couple of years: (long) analysis ongoing).

m Method: Compare s(exp) to s(NNLO) computed w/ diff. PDFs/a._: Extract o

m o(W,Z) [dis]advantages: ~1-2% th./exp. uncertainties [not LO sensitivity to o, |
Combined fit of 28 LHC data sets (<2019)

38 pb’' (7 TeV)

cms

cross section (pb)

pp — Wi+X, ¥s =7 TeV | M HERAPDF20(NMLO)
y

3200 | m CT14(NNLO)
B Total exp . | S MMHT14 (NNLO)
3150, Luminosity uncertainty J‘ NNPOF3.0 (NNLO)
Eol " i L L "
01 0105 011 0115 012 0125 013 0.135
a;\lNLD(mz]
cms 38pb’ (7 TeV)
3 2400= i
o e
2350
8 |
= E
§ 2300
g 2250;—
e B
© 2200

[ HERAPDF2.0 (NNLO)

I CT14 (NNLO)

N MMHT14 (NNLO)
NNPOF3.0 (NNLO)

012 0125 013 0135
a™om,)

pp — WX, 1s =7 TeV
B Total exp. uncenainty
Luminasity uncenainty

010106 041 0.415

2150

I
I
I
I
1

2100

38pb’ (7 TeV)

cms

4707

ag0E

450

cross section (pb)

440

430

| W HERAPDFZ2.0 (NNLO)
| . CT14 (NNLO)
| - MMHT14 (NNLO)
l NNPDF3.0 (NNLO)

01 0105 011 0115 012 0125 013 0135

apom)

pp = Z+X, s =7 TeV
420 8 Total exp. uncentaing y

Luminosity uncerainty

CMS 38 pb’ (7 Tev)

o 2950
2 E
c 2900
=] E
% 2850
Q
@ 2800
i E
8 27150
2700+

cr

|
pp — Wi+X, (s=7 TeV | M HERAPDF20(NNLO)
’ B CT14 (NNLO)

2650
B Total exp. uncertainty | I MNHT 14 (NNLO)

2600 Luminosity y uncertaint ity NNPDF3.0 (NNLO)
Lo AT 1 et et
01 0105 041 0115 012 0125 013 0.135
NNLO,
o (mz)
cMs 38 pb”! (7 TeV)
gzooo'_
c L
9 I
S
Q
0
[
(7]
e
Q

pp — W #X, (s =7 TeV | - HERAPDF2 0 (NNLO)

| . cT14 (NNLO)
1800 B Total exp. uncentainty | B MMHT14 (NNLO)
Luminosit y uncedainty |

NNPDF3.0 (NNLO)

010105 011 0115 042 0125 013 013
of™Om)
CMS 38 pb’ (7 TeV)
g
= 410
c E
o
0
Q
(2]
w
@
e
o

PP - Z,#X, Vs =T TeV I B HERAFDF2.0 (NNLO)
N CT14 (NNLO)
370 BB Total exp. uncertainty | MMET1S (NNLO)
Luminosity uncerainty : NNPDF3.0 (NNLO)
Loy Ll Pt bl
01 0105 011 0115 012 0125 013 0.135

asNNLO(mZ)

o~ 10L
X —

4

HC combined

®-CT14

=B HERAPDF2.0
- MMHT14

-¥- NNPDF3.0

W /

[ R -
0.114 0.116 0.118 0.12 0.122

aglNLO(mz)
PDF as(mz)

CT14 0.1172¥5:0013

MMHT14 0.1188+0.0019
HERAPDF2.0  0.1097+39922

NNPDF3.0 0.1160 = 0.0018

c_ = 0.1180 + 0.0016 (+1.3%)

% Future: Incorporate o(tt), o(W,Z), o(j), X-section ratios into global PDF+ao._ fits.
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(5) a_ from hadron collider x-sections (HERA jets)

m DIS HERA jet x-sections employed for o, extractions via NNLOjet:

Double-differential HERA jet data in NC DIS (as function of p,,Q%) commonly used for a_ determinations a, results from HERA inclusive jet data in NNLO
H "Absolute” Jet cross sections "Normalised" jet cross sections — —T T
ZEUS 820GeV HERA-I HERA-II 20GeV HERA-I HERA-II APPLfast a-na NNLOJET
|
Inclusive jet e H1 inclusive iets'r
high Q 300 GeV high-Q° ———
I A e
Dijet o HERA-I high-Q° ———
high 02 HERA-II low-Q° e
HERA-II high-Q° ———
low Q2
Three-jet ZEUS inclusive jets
high Q2 300 GeV high-Q ——
HERA-I high-Q' i
Mu!tiple Qatg sets
« a, frominclusive jet cross sections in NC DIS e g
) ) ) HERA inclusive jets —+o—  [0.1171 (9exp
« NNLO pQCD w/ non-pert. hadronisation corrections
) Mul_tiple _datg se;is (fi > 28 GeV)
 H1and ZEUS consistent TEUS iclogive s roven [B—r
« Sizeable scale uncertainties (MHOU) since data are FERA elusive Jets -0
World average [rocis) -
at comparably low scales — — LA L
* previously fit in Ref.[10] 0.1 0.12 ON:'I 3
« Highest precision obtained in fit to data with / @ M)
b >28 GeV ag(Mz) = 0.1178 (15)exp (21)sn

m Largest uncertainty from missing HO corrs.
» Future: Nice testbed for upcoming LHC NNLO jet x-sections-based extractions
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(6) a_from EW precision fits

» Z-boson decays known at N°LO, no NP uncerts. (but only ~4% sensitivity to o ):

4
I r CES L 5
R? = — = R%ﬂ _-?\rc(l -+ E Cn (_?T ) + O(ﬂ's) + ém + C{’Tnp}'

» Extraction from three Z-peak pseudo-observables (LEP, SLC):
I, = 2.4952+0.0023 GeV (0.1%) ® o, (M,)=0.1221 +0.0027 (+2.3%)

"y e R SE | E I
Tw 0.1 4.5 Y _E

M, 0.3 4 ERSREEEERER. SRR ; Qes=e==s=s=s [ e _j--": ““““““““““ —2G
Iy 0.2 . EEEEEE 3
o 1.5 3.5 ' [Gfitter'18]5
i‘z-i ::I:g 3 ‘\“-.-World average. {e.t')E. 2017 é
A(LEP) 0.1 ; R
A(SLD) o1 2.5 Bl
sin? ezlpl (@ FB) 0.7 2 . ".' _‘;_
sin@ M (Tevt.) 0.1 kY T
A% 0.8 1.5 A

Atk 24 1 YR A
A, 0.6 .~ =
RO 0.0 0.5 . ‘ ) ]
R? 0.7 S AL RN P S

m, | 0.5 8 0.12 0.125 0.13
Aaﬁd(ﬁ) ; -0.2 o (MZ)
a (M) : 1.3 s\Vz

g a, (M) =0.1194 + 0.0029 (+2.4%)

(oﬁt - orneas) ! S meas
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(6) a_ from hadronic EW bosons decays

m Updated Z,W-based o (m ) extractions:
New fit with HO EW corrs. + corrected Z LEP data. New N2LO fit to r,R,

% 45 \v\ i ll
< E H < 4.5
4 — H——— 2c c g
g 0o N —— ———2c
35 — F(Zm = N tot :
= &  a/(m)=0.1203+0.0028 (+2.3%) 35: —reces)
g o AN : 3? [7] World average [PDG 2019]
2-55_ --- ¥ [2018] AN 25 SR
e ' ad a (m) = 0.101 + 0.027 (+27%)
13 E_ |:| V\jorld average [PDG 2019] % 1 i 1'5;_
I —————————— = TN —— A
055 ' 0.5
Ry 1 R R A R P6x="""5.06 oos o1 o012
aS(mZ)
. . . . . . . .
m Future: Permil uncertainty possible only with a machine like FCC-e*e
Nx 4.5? e B Nx 4-5?
<1 F : < E
e N N 26 -———— iy ————————1 2o
c H = 7 data, FCC-ee (91 GeV) F
3.5; | ] === Z data, LEP (this work) 3-55_
30 L | [ world average [PDG 2019) 3= m— R, Ty, FCC-ee (160 GeV)
25; <_> 2_5; I:l World average [PDG 2019]
28 2=
: Strong SM :
1.5 ! 14 ” 1'5:_
- 5 stress test - vy ]
NG S o 1 F o
055 05-
E : Ty - :\II\\III\‘II\\II\:\\\\\II\\ll\\II\\\Il\\ll\\ll\‘\ll\\ll\\
0.(‘)116 0.118 012 0.122 0.124 0.Q|16 0.117 0.118 0.119 0.12 0.121 0.122
ocs(mz) as mZ)

a,(m,) = 0.12030 + 0.00028 £0.2% (tot), £0.1% (exp)  a (m,) = 0.11790 + 0.00023 +0.2% (tot), +0.1% (exp)
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Summary (lI): Current & future a_precision

Method

Relative cvs(m3) uncertainty

Current

theory & exp. uncertainties sources

Near (long-term) future

theory & experimental progress

(1) Lattice

0.7%
Finite lattice spacing & stats.
NZ3LO pQCD truncation

~ 0.3% (0.1%)
Reduced latt. spacing. Add more observables
Add N**LO, active charm (QED effects)

Higher renorm. scale via step-scaling to more observ.

(2) 7 decays

1.6%
N3LO CIPT vs. FOPT diffs.

Limited T spectral data

< 1.%
Add N*LO terms. Solve CIPT-FOPT diffs.

Improved 7 spectral functions at Belle IT

(3) QQ bound states

3.3%
N23LO pQCD truncation

Me,p Uncertainties

~ 1.5%
Add N**LO & more (cé), (bb) bound states

Combined m.p + a3 fits

(4) DIS & PDF fits

1.7%
N2 LO PDF (SF) fits
Span of PDF-based results

~ 1% (0.2%)
N3LO fits. Add new SF fits: FF'%, g; (EIC)
Better corr. matrices. More PDF data (LHeC/FCC-eh)

(5) eTe™ jets & evt shapes

2.6%
NNLO+N®23)LL truncation
Different NP analytical & PS corrs.
Limited datasets w/ old detectors

~ 1.5% (< 1%)
Add N?3LO+N3LL, power corrections
Improved NP corrs. via: NNLL PS, grooming
New improved data at B factories (FCC-ee)

(6) Electroweak fits

2.3%
N2LO truncation
Small LEP+SLD datasets

(= 0.1%)
N*LO, reduced param. uncerts. (mw, z, o, CKM)
Add W boson. Tera-Z, Oku-W datasets (FCC-ee)

(7) Hadron colliders

2.4%
NNLO(+NNLL) truncation, PDF uncerts.
Limited data sets (£, W, Z, e-p jets)

~ 1.5%
N®LO+NNLL (for color-singlets), improved PDFs
Add more datasets: 7 pr, p-p jets, o;/o; ratios,...

World average

0.8%

~ 0.4% (0.1%)
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Summary (ll): a_ wish-list

m Experimental/Theoretical needs to reach ©(0.1%) precision:

(1) Lattice QCD. Sufficient dedicated computing resources & person-power to:

- Develop pQCD N*“LO theory for observables in a finite space-time volume
- Extend higher renormalization scales via step-scaling to more observables

(2) Other theory efforts:

- Completion of hadronic T decay renormalon analysis

- Advanced power corrections for e*e” event shapes and resummation for jet rates
- NNLL accuracy parton showers matched to NNLO

- NNLO(+NNLL) MCs for complex final states in e*e™, e-p, p-p

- Differential NNLO predictions for LHC & HERA multi-jet observables,...

(3) Extension of NNLO hadron-collider- and/or PDF-based extractions via:

- Incorporation of multiple new LHC precision observables and datasets

- Improved treatment of exp. correlation matrices uncertainties among measurements.

- New DIS measurements at high-energy facilities: EIC first, LHeC/FCC-eh longer
future (approx. £0.2%).

(4) Hadronic Z (and W) decays is the only non-lattice method known that can reach
permil precision: Tera-Z (FCC-ee) machine needed.
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o_ from hadronic EW decays (Update)

. DdE, Jacobsen:
» Incorporated new o?,a® EW corrections(*) to Z pseudoobserv:  arxiv:2005.04545 [hep-ph]

e The W and Z hadronic widths : (*)Dubovyk/Chen/Freitas et al. arXiv:1906.08815, arXiv:2002.05845
Phad Born 4 o TH uncertainties:
vz(Q)=Twz 1+Zai(Q}(
=1

+0.01% (2)
¢ The ratio of W, Z hadronic-to-leptonic widths :

+0.02% (W)

Thad Parametric uncerts.:
RW,Z (Q} - %@ ( Z ( Q)) (&_Eg') + 6mix + 6np) .
FW:Z(Q} (Oé mZ w? cs,ud)'
¢ In the Z boson case, the hadronic cross section at the resonance peak in ete~ +0.03% (Z)
+1.7% (W)

had _ 127 rgraad
g mz  (T%")

+0.03% (W, CKM unit)

» Incorporated modified LEP data due to luminosity bias correction(*):

theory experiment Recent update of
previous new (this work) change | previous [6) new [20, 21] change LEP |Umin03ity
IZ* (MeV) | 24942+ 085  2495.24 0.6par =04 +0.04% | 2495.24£23  24955£23  +0.012 bias change the Z
Rz 20.733 £ 0.007cn  20.750 £ 0.006par &+ 0.006¢n  +0.08% | 20.767 £ 0.025 20.7666 £ 0.0247-0.040% values by few perm”
had (1) 41490 + 64, 41494 + 5, + 6y 4$0.01% | 41540437 4148024325 —0.144%
W boson GFITTER 2.2 (NNLO) this work (N3LO) experiment (*) Voutsinas et al.
observables (exp. CKM) (CKM unit.} arX|V190801704’
rhad (MeV) - 1440.3 £ 23.9par £ 0.2¢n 1410.2 + 0.8par + 0.2y, 1405 + 29 Janot et al.
et (MeV) 2091.8 + 1.0par 2117.9 &+ 23.9par &+ 0.T¢p 2087.9 + 1.0par + 0.7 2085 + 42 aI’XIV1912 02067
Rawr - 2.1256 #+ 0.0353par =+ 0.0008¢,  2.0812 + 0.0007pa, &+ 0.0008y,  2.069 + 0.019 . .
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o, from hadronic Z decays (Update)

. . Z boson ag(mz) uncertainties
» QCD Coupllng eXtraCted from ' observable extraction exp. param. theor.
. . . . It 0.1192 £0.0047  £0.0046  £0.0005  £0.0008
(I) Comblned flt Of 3 Z pseUdO-ObserV Rz 0.1207 £ 0.0041 +0.0041  +0.0001  £0.0009
(i) Full SM fit (with o free parameter) o< 0.12064+0.0068  £0.0067 £0.0004  +0.0012
All combined 0.1203 £ 0.0029 £0.0029  £0.0002  £0.0008
Global SM fit 0.1202 + 0.0028 +0.0028  +0.0002  +0.0008

DdE, Jacobsen: arXiv:2005.04545 [hep-ph

R 45 . 3 <45 = Combined Z pseudo-obs.
3 " E Dashed=PDG. Full=This work b : Combined Z pseudo-ob
| i it A W S T SR S 20 P S e o S 2
= s Combined Z pseudo-obs. [2018]
3.5 ry 35 Global SM fit [2018]
- R [ ] World average [PDG 2019]
3:_ hzad 3:
25 ... r‘Z;‘ [2018] 2-52—
22_ ---- R,[2018] ol
= o} [2018] 3
1'55 [[] World average [PDG 2019] 1'5;
T ————— | g lo
05F \\ 050
T T X T B R K | N N X 2R (K 7
as(mz) czs(mz)
» LEP lumi-bias updates lead to much better » EXP/TH updates lead to better
agreementamong I, R,, o, extractions: agreement with full SM fit:
o, (m) =0.1203 £ 0.0028 (+2.3%) o (m) =0.1202 £ 0.0028
PDG21: a(m)=0.1221 + 0.0027 (+2.3%) PDG21: a(m)=0.1194 + 0.0029
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o_ from hadronic W decays (Update)

DdE, Jacobsen: arXiv:2005.04545 [hep-ph]
: lep yhad ytot ; 4 ; .
» Parametrized W boson .7 I'°°I %) R, (with o,a,a o corrections):

I =Tg+e1 Aw + e Am +es Ay + e Ay I =To+c1 Aw + c2 Ackm + €3 Aag + 6 A7,
_(mw \® _ my (T _( mr _ asg(mg) _|Vea® 4 |Ves|?
Aw = (80.379) —L An=log (125‘10) A= (172‘9) L A= (1.777) “l Bas = Gaqrg b ACKM = Gore o977
W widths (GeV) Iy cq 3 c3 Cyq cx 6 cr Max dev.
I‘a? 679.35 676.78 - - 0.04674 0.47745 - —0.347428 < 0.00002
rhad (exp. CKM)  1440.28 1446.61 734.557 53.76 - - —1.24411 - < 0.0002
rhad (CKM unit.) 141021 140959 - 5234 - ~ —1.15932 - < 0.0002
T%A?.t (exp. CKM) 2119.58 2044.8 732.55  50.67 0.03980 0.46258 —1.0723 —0.36408 < 0.0002
1"%2\0} (CKM unit.) 2089.51 2088.26 - 52.28 0.04790 0.47842 —1.2683 —0.32942 < (0.0002

» Numerical evaluation of W boson (N3LO + EW corrs.) pseudo-observables :

W boson GFITTER 2.2 (NNLQ) this work (N®LO) experiment
observables (exp. CKM) (CKM unit.)

P (MeV) 679.4 + 03,0, + 0.5 682.2 4 10.2
rhad (\MeV) 1440.3 + 23.9;. & 0.2¢, 1410.2 & 0.8, & 0.2¢, 1405 + 29
Tt (MeV) 2091.8 £ 1.0, 2119.6 % 23.9,., £ 0.7, 2089.5 £ 11,0, £ 0.7, 2085 4 42
Ry 2.1200 + 0.0352,0r + 0.00164, 2.0757 & 0.0014,,, £ 0.0015,, 2.0684 + 0.0254
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o_ from hadronic W decays (Update)

» QCD coupling extracted from new N°LO fit of combined I’ , R, pseudo-observ.:

W boson as(mz) uncertainties
observables extraction exp. param. theor.
I, Rw (exp. CKM) 0.044 + 0.052 +0.024 +0.047  (+0.0014)
I'et, Rw (CKM unit.) 0.101 £ 0.027 +0.027  (+0.0002) (+£0.0016)

It Rw (FCC-ee, CKM unit.) 0.11790 +0.00023 +0.00012 +0.00004 +0.00019

DdE, Jacobsen: arXiv:2005.04545 [hep-ph]

» Still very imprecise extraction: 45

——————————————————— L — 126

— Large propagated parametric uncert.
from poor V__ exp. precision (+2%):
QCD coupling unconstrained: 0.04+0.05 ,;

m— R, T\7 (CKM exp.)
m— R, [\ (CKM unit.)
[ ] World average [PDG 2019]

A"

— Imposing CKM unitarity: large exp.
uncertainties from I , R, (+0.9-2%):
QCD coupling with ~27% precision

—_
(92

—

______________ o

o
(4}

=)
ORI
Y
o
o
[#)]
(]
o
s3]
o
e
(]
e
\%]

— Propagated TH uncertainty much ) _ _
smaller today than exp. ones: ~1% s(m,)

o (M) = 0.101 £ 0.027 (£27%)
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o_ from hadronic Z decays (future)

% QCD coupling extracted from: Z boson as(mz) uncertainties
observable extraction exp. param. theor.
(i) Combined fitof 3 Z pseudo—observ: All combined 0.1203 +0.0029  £0.0029  £0.0002  +0.0008

Global SM fit 0.1202 + 0.0028 +0.0028  £0.0002  +0.0008
All combined (FCC-ee) 0.12030 £ 0.00026 +0.00013 +0.00005 =+0.00022
Global SM fit (FCC-ee) 0.12020 £ 0.00026 +0.00013 +0.00005 =+0.00022

(ii) Full SM fit (with o free parameter)

» M: DdE, Jacobsen: arXiv:2005.04545 [hep-ph]
— Huge Z pole stats. (x10° LEP): <450 :
.. . . <] C
— Exquisite systematic/parametric aF————t——— b1 20
. . . - = 7 data, FCC-ee (91 GeV)
precision (stat. uncert. negligible): 3.50- e 7 data, LEP (this work)
AR, = 10-3, Ry = 20.7500 +0.0010 3f_ | World average [PDG 2019]
AT = 0.1 MeV, Tt = 2495.2 4+ 0.1 MeV » o5
Acbad = 4.0 pb, o%* =41494+4pb -

Amz = 0.1 MeV, mgz = 91.18760+ 0.00001 GeV
Aa = 3-10-5, Aot (mz) = 0.0275300 + 0.0000009 1.5

1=—— —-.- ————— ———————————— 1o
— TH uncert. to be reduced by x4 computing . :

missing o.°, o®, ao a0 ?,0’0 terms

\I\IIIIIIElIIIII _
UQI 6 0.118 0.12 0.122 0.124

og(m,)

—

» 10 times better precision than today:
oa Ja, ~ +0.2% (exp+th), +0.1% (exp) a_(m,) = 0.12030 * 0.00028 (+0.2%)
Strong (B)SM consistency test.
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o_ from hadronic W decays (future)

» QCD coupling extracted from new N°LO fit of combined I’ , R, pseudo-observ.:

W boson as(msz) uncertainties
observables extraction exp. param. theor.
It Ry (exp. CKM) 0.044 + 0.052 +0.024 +0.047  (£0.0014)
', Rw (CKM unit.) 0.101 + 0.027 +0.027 (+0.0002) (+0.0016)

rt, Rw (FCC-ee, CKM unit.) 0.11790 & 0.00023 +0.00012 +0.00004  =+0.00019

: DdE, Jacobsen: arXiv:2005.04545 [hep-ph]
» FCC-ee extraction:

e 4.5
— Huge W pole stats. (x10* LEP-2). © 4 —— R, — ————————— 26
— Exquisite syst./parametric precision;  *°F
3 m— R, I, FCC-ge (160 GeV)
F“ti.gft = 2088.0 £ 1.2 MeV o 5E- World average [PDG 2019]
Rw = 2.08000 = 0.00008 o
mw = 80.380040.0005 GeV 150
[Ves| = 0.97359+£0.00010 «O(10%) D mesons 1-—————— gl —+————————————] o
— TH uncertainty to be reduced by x10 q||||
after computing missing a5, o2, o, 0116 0.117 0.118 0.119 0.12 0.121%(%1)22

a0, 00,00, terms o (m ) = 0.11790 * 0.00023 (+0.2%)
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Future e*e- colliders under discussion

1000 — . S — ,
| SRRl FCC-ee ——
— s Z pole s, CEPC ---%--
D" Ol *.CIRCULAR ILC ooeedionen
NN I .
' ' FCC-ee ™, ILC-up. =i
5 10Q } CLIC -~m-- -
3 V% CLIC-up -
o ' "o, .
A X ‘*..’ '
- " \.CepC X, \ LINEAR
3 \\ | _am==mn Fr---""""TCTTTe 3 .
[ \‘s —,r £ CLIC - Ly "
) . nnr.mu;go - "'...-_,.-ﬂ —”'ﬁ
’:~ ;’" ': ,,,,,,,,, L. - 1
1 SRR i e
100 1000 E.. [GeV]

m FCC-ee features lumis a few times larger than other machines over 90-240 GeV
m Unparalleled Z, W, jets, 7,... data sets: Negligible o stat. uncertainties
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a, ., Inb]

20

10

Ultra-precise W, Z, top physics at FCC-ee

Vs=91 GeV, 1012 Z's

Vs=161 GeV, 102 W's

—h
om

Vs=350 GeV, 10° tops

—
=]

[ T T T T T T T T T I T T T T I T T
|t threshold - 15 masg 174 GV

—TOPPIK NHNLD —CLIC 350 LS+ISR

—ILC 350 LS+ISR —FCiCae 350 LS+ISA

~ 30 I - I . ——
1,_,, 2 LEP -
. ALEPH 3" %
- DELPHI R\ 5
L3 i/ f-.,;. 20- | -
B OPAL .,-. II . 4 s B B I
b orerage mensroments, f \ y
by factar 10 \._' ' ‘H:| ] —
N / \h YF SWWIRacoon W
s ; o 2 verte (Gentle)
._'__.--"r’ __-" .. Only v, exchange (Gentla)
. -F-. M P B P | E] ; - : :
6 88 % a2 160 180 200
. E_|GeV
e Lineshape am [GEVI Vs (GeV)
» Exquisite E____ (unique!)

» m,, [, to 10 keV (stat)

e Asymmetries
» sin*0,, to5x10®

e Branchingratios, R, R,
= o (m;)to o.o002

e Predictm

rops My IN SM

100 keV (syst.)

e Threshold scan
= m,, to 500 keV

e Branchingratios R, Rhad/

= o.(m,,)to o.co0z

cross section [pb]
o o o o
Mo f== =5} =&} —

=}

bazad on CLICALC Top Study

bl liay

EPJ C73, 2340 (2013
1 1 I 1 1

350

Ko
&
=

e Threshold scan + 4D fit

to 10 MeV (stat.)
40 MeV (th.)
» Apto13%

» EWK couplings to 1-10%

- mtclp

e Radiative returns e*e™—yZ (Z—=vv, p*u7)

= N, too.o0l

m Unparalleled Z, W, jets, 7,... data sets: Negligible a_ stat. uncertainties
m Unparalleled syst. uncert.: 3 _ (Z,W) ~ 0.1, 0.3 MeV -~ Very precise I,
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o_ from hadronic W decays (today)

» Width known at N°LO. As for Z boson, small sensitivity to o_ (only beyond Born):

FW Jhad QGFmi\; Z H/rl_]l |:1 —+ Z ( ) + éelectromeak(a) + §n11xed(aa’s)]

[EWK: -0.35%)]
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» Recalculation of partial and total hadronic W widths:

quarks 1,j

DdE, Srebre:arXiv:1603.06501

Partial widths (MeV) ro Fo To Ton  Tob Tewk  Tmied Tpig
W — qq’ (exp. V) 1379851 52931 2857 -0992 —0238 —5002 —0.755 1428.65 %2240, + 0.044

W —qq (ViVi=68) 1363197 52291 2822 —0980 —0235 —4942 —0746 1411.40+0.96ps + 0.04,

W —qq (exp. V) [5] 1408980 54087 2927 —1018 —0245 —5132 —0779 1458.820 +0.006,
W — qq' (V§Vi=8) [5] 1363640 52346 2833 —0985 —0237 —4940 —0748 1411.910+0.006¢,

» Careful evaluation of parametric (Vi,j, m, ) & theoretical uncertainties:

— Parametric uncertainty: +22.40 MeV (dominated by V)
+0.96 MeV (CKM unitarity, dominated by m, )
— Higher-order QCD corrections: +0.2 MeV (diffs. N°LO vs N“LO for T"))

— Higher-order EWK, mixed corrections: +0.035 MeV (from D.Kara NPB877(2013)683)

— Others (non-pQCD (AQCD/mW)“, finite g masses above LO, ren. scheme,...): negligible
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FCC-ee (91 GeV) syst. uncertainties

o FCC-ee goal: Via Z line-shape scan, determine Z parameters to precisions:

6Mz=100 keV ; 6lz;=25keV < I
o Plot shows relative change in cross section across Z resonance for parameter variation of this size
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+ Z width measurement most demanding: Need relative normalisation to about 105
o Need statistics of order 10%°
o Need careful control of energy dependent effects
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FCC-ee Luminosity, Operation, Data samples

Largest luminosities in the 88 — 365 GeV energy range
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Center of mass energy (GeV)
Working point Z, years 1-2 Z, later ww HZ ttthreshold... | ...and above
Vs (GeV) 88, 91, 94 157,163 240 340 =350 365
LumiflP (10 cm™s%) 100 200 25 7 0.8 1.4
Lumifyear (2 IP) 24 ab™ 48 ab™ 6ab™ 1.7 ab™ 0.2 ab? 0.34 ab™
Physics goal 150 ab™ 10 ab™ 5 ab? 0.2 ab? 1.5ab?
Run time (year) 2 2 2 3 1 4
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