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QCD coupling a._

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

» Single free parameter of QCD in the m,— O limit.
» Determined at a ref. scale (Q=m), decreases as o ~IN(Q%/A%)A~0.2 GeV
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QCD coupling a._

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

» Single free parameter of QCD in the m,— 0 limit.
» Determined at a ref. scale (Q=m), decreases as o ~IN(Q%/A%)A~0.2 GeV

— i — | 0.5 — —~ 0.35 T ——
; ! ' ‘> F T decay (N3LO) = ]
S\ e, Uncert.~6% ;@i Uncert.~2.5% |& | low 7 cont (AVLO) +=+
i . | .\ ets a
A - 04 ’1‘. | 1 031 \ Heavy Quarkc;]nia (NLO)
[ \ ete” jets/shapes (NNLO+res) —*— ]
) I \ pp/pP (jets NLO) —5- -
B 0.25 o EW precision fit (N*LOy—=— 7]
g | 03 A\, \ _ pp (top, NNLO) v 1
il al - : N, Uncert.~0.85%
L IPIA NN t‘ '.':::::._::_. H :
[ \xﬁm ous |
[ 0.1 B | :
0.1 |-
1
(1983 ., 2000 2021
0L R — P PRI |
" QIGev] 1 10 Q[Gev) 100 03 100 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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Importance of the QCD coupling o

» Impacts all QCD x-sections & decays (H), precision top & parametric EWPO:

= improvement in as crucial

Msbar mass error budget (from threshold scan)

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

Sy (M,) = 0.001

Quantity FCC-ee future param.unc. Main source

Process O (pb) da.(%) PDF +a,(%) Scale(%)
geH  49.87 +£3.7 6.2 474 -2.61 +0.32
ttH 0.611 + 3.0 + 8.9 -93 +59

Partial_width intr. QCD | para. mq para. as

H — bb ~ 0.2% 1.4% 0.4%

" H —ce ~ 0.2% 4.0% 0.4%
" H —gqg ~ 3% < 0.2% 3.7%
» Impacts
0.06 \
L AW my, = 124 GeV
r B\ m, = 173.2 GeV
0.04 - : a3(Mz) = 0.1184 ]
:S; 0.02 }
% 0.00}
g i
% —0.02 B
2 [
_0.04 - m, =175.Gev |
—0.06L_1 1 M
102 10 10 10% 10! 102 10 10'¢ 10'® 102°
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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
- T decay (N3LO) |—-—| 1
' (1) T decays low Q? cont. (N°LO) e
0.3 - HERA jets (NNLO) —— ]
B S Heavy Quarkonia (NNLQO) :
2 e'e” jets/shapes (NNLO-+res) F» ]
J
s '\ pPp/pPp (jets NLO) e
025 EW precision fit (N?LO) +e— 7]
pp (top, NNLO) R
S on b ) DIS, PDFs ]
ﬁ‘ﬂ ‘:3'-. SE : .
i i U (5) e’ e jets (shapes rates)
e :
| =aE (7) pp—»J tt Z W,...
= a (M) = 0.1179 + 0.0009 :
0.05 L il el el
1 10 100 1000
August 2021 Q [GeV]
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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|]

Covered
next by Pich,
Ramos,
Somogyi

0.35 e
- T decay (N3LO) |—-—| 1
' (1) T decays low Q? cont. (N°LO) e
0.3 [ HERA jets (NNLQO) =+ ]
B S Heavy Quarkonia (NNLQO) :
(2) QQ e'e” jets/shapes (NNLO-+res) >
- i pp/pPp (jets NLO) e
025 '\ EW precision fit (N3LO) e~ ]
PP (top, NNLO) R
< o2f
=
i i U (5) e'e jets (shapes rates)
| =aE (7) pp—»J tt Z W,...
= a (M) = 0.1179 + 0.0009 :
0.05 L el el el
1 10 100 1000
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World-average a_(PDG 2021)

m Average of 7 pre-averages from BOP 200816 i +-H  decays
categories of observables: P 2020, s - low o2
OLS(MZ) =0.1179 £ 0.0009 (1085%) reast:tuzzoollas . —q'»-- - | | ¢o

Narison 2013 (Cf:} |-—=.’—| 5&";22
Narison 2018 |[(bb) I—ﬂ-i:—l '
m | will focuse on 3 of them: —e— |
JR14 —— ]
(1) DIS & PDF determinations: » E;Fg:?gl _ "4-—- HOF fits
Fits of DIS structure functions MSHT20 b
Global PDF fits. ALepr (6 I x .
a (M) =0.1162 + 0.0020 (£1.7%) Derior | E T okt
ﬁeE:Ey(t:—:iyi (2j) - El-.—.—li 1 ) Je&tS
Kardos (EEC) t ;.l 1 shapes
Abbate (T) =T~ : :
(2) Hadron collider determinations: Sehrmann ) e i
pp: o(ttbar), o(W,Z). ep: o(jets) pS—— [ 53:._
CMS (t) —r
a (M) =0.1165 + 0.0028 (+2.4%) W |adesr el cotlicers
d'Enterria (W/Z) !-—f——l
HERA (jets) [—————
(3) Electroweak precision fits: — S | )
. i _ 1 HIe electrowea
ee — Z pseudoobserv., Global SM fit B [oreerins g
a (M) =0.1208 + 0.0028 (+2.3%) rLAczor - jattice

FE [ I I S S . |
0.120 0.125 0.130
2
. August 2021 'G:S': MZ)
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o from DIS struct. functions & PDF fits ()

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

X ng,,2 1 2
2y Qs (}I'R) dz (n). A2 2 2 T 9 A
FQ(I‘:Q )—LEZ (271_)71 Z ?OQ??: (/":Q ?,J’RJIJ'F) f@/p ;:”F +0 @
n=>0 i=q,g° " '
~, s
0.5 — - %: | PDG2016
- I.::I-u]fllu;ll::::n’;?.7]101::;29250&(;:; A. Guffanti, Em1].1225 :— FZ777] HERA I + fixed-target
0.4 |- , i [SSS5 HERA I + fixed-target
- 01z |-
- xd,(X) - :
03 [ --- N3LO - 0.1175 —
- —— NNLO L sLAC | NMC
0.2 | A 0.115
o1 E < 0.1125 \
B 2y __ +0.0020 o1 |-
O U T Ol o B ’ }
i A HT fitted
-3 -2 -1 0.1075 [
10 10 10 X  BCDMS HERA I+II
HERA I
oo Lo Vw0 1 e 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.?
m Future: New high-precision F(x,Q%) & polarized g(x,Q%) at EIC
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o from DIS struct. functions & PDF fits (lI)

m NNLO global PDF+a_ fits: CT18, HERAPDF2.0+j, MSTH2020, NNPDF3.1

7000

MSHT2020 NNLO aS(MZ x varlatlon

100

6500

X2 6000

5 a(M)—01174+0013

best fit ag (mz?) = 0.1174,
¥2 = 5119.5 for 4363 points

(AX 2)expl.

0

5500 - total X2+
fit ——
5000 | A IR B A TR R R
0.105 0.110 0.115 0.120 0.125 0.130
as(MZZ)
H1 and ZEUS
E 14 - NNLO, inclusive + jet data
x 2 2
' ® Q.= 35GeV
= 12 : .
L al(M)I=10.1156 + 0.024
s\ B @/ o-free fit
uncertainties:
6
Il exp./hadr.
4 F [ model/param.
[] scale
2
0 L
0.11 0.1‘12 0.1‘14 0.116 0.1‘18 0.‘12 0.1‘22 0.1‘24 0.126
2
og(M,)

0.135

Total |
Top quark pair praduction
ZpTH

Collider Drell-Yan-|

CT18 NNLO

as(Mz)=0.1164+0.0026 at 68%CL

80
60

40+
D

RN
20~

T HERAI+IT
—Total
. "BCDMS p

. —€EMSS jets

- —EMS7 jets

"} E866pp

—C€DF2 jets

] EHCbsWZ
- ATLAS7 jets

| D02 jets
CATL8ZpT

—20L . . . . .
0.110 0.112 0.114 0.116 0.118 0.120 0.122 0.124

as(Mz)

a (M) = 0.1185

o NNLO
e NLG

012~—=—

Fixed Target Drell-Yan 1
Inclusive Jets
Collider DIS (HERA) -

Fixed Target neutrino DIS -

Fixed Target charged lepton DIS-|

[E—

—

]

0.110 0.115

0.120

as(mz)

0.125 0.130

m DIS/FT (LHC) data tend to prefer lower (higher) values of a (M)
m Size of missing higher-order corrections? Global fits at N°*LO needed
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o_ 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)advantages: Direct sensitivity to o (Uncertainties: ~5% exp./th., m

— 220 — 220
5 E Fit points =
= 0k for NNPDF30 (no LHC) (NNLO) = 210
=] E ——— Measured o, (= 10) o)
2001 Predicted o (= 10) 200
190 190
180F 180
170 ' 170
160E- Multiply|
150 #1 150
140?— I IR | R B 140
0.11 0.115 0.12 0.125
L
\s =7 TeV, ag(my) = 0.1184 —_
5 E = T T S 00
g N cms,L=231b" <
= 220 | Ep— Top++2.0,ABM11 ] -
() N 5 = 20.025
N 9 : «mm Tops+ 2.0, CT10 G
200, . | | e Top++ 2.0, HERAPDF1.5 —| T
[l R | Pt ) © 0.02
SRR S p— Top++ 2.0, MSTW2008 >
180~ e b | Top++2.0,NNPDF2.3  — S o015
S i 2
\ S
160? o R o 0.01
1401~ o = 0.005
Siev
TS
5 >N
L4 s T .'“_Jli. Lo i, 0
165 170 175 180 185| 190
mP*® (GeV)
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—+— Predicted o*>

0.0016
0.0014

E_ Measured (Jflm
= I:I Multiplication of u:“n and (1:{19‘"" —joomz
;_ —i0.001
;_ —{0.0008
= —{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

10/20

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 Il |
0.110 0.115 0.120 0.125
+0.0034 o.

ag(mgz) = 01177

—0.0036
David d'Enterria (CERN)



o_ 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)

CcMS 38pb” (7 Tev) CcMs 38 pb” (7 TeV) C b d f f 28 LHC d 2019
g ' 5 2060 - ombined fit o ata sets (<
8 35505 o
< 35005 c 29007 H h " | H H .
£ a0 2 5o with all correlation matrices:
@ 3400} i .
& 3400F @ 2800°
g o0 g o o, 10 LHC combined
B i S 2700 i S - - CT14

1900 PP WetX, 15 =7 TeV | I HERAPR20 404.0) pp —» Wi+X, Is=7TeV | mm VOSSR 8 -

{ )
3150' B Total exp. uncertaint; ty } B MMHT14 (NNLO) 2650 B Total exp. uncertainty I I MNHT 14 (NNLO) L HERAPDF2.0
£ Luminosty ncanginy | NIPOF3.0 (NNLO) 2500, £ Luminoss y uncertain v L NNPDF30(NNLO) - MMHT14
01 0105 011 0115 012 0125 013 0135 01 0105 011 0115 012 0125 013 0135 F
o™o(m,) odMO(m,) 6" - NNPDF3.0
CMS 38 pb’ (7 TeV) CMS 38 pb”! (7 TeV) C
B 2400= i - i a—
2 F L
c 2350 c C
3] I 9
S 23000 E -
g~ b 2 /
@ 2250 @ 4
9 E E -
S 22000 S i 0— \./ W
(s = | EEE HERAPDF2.0 (NNLO) = | mm HERAPDF2 0 (NNLO) L H
2150 PP WLEX, {8 =776V B CT14 (NNLO) PP WX, fa=T TV | W CT14 (NNLO) | I I IR B |

B Total exp. uncentainty

I N . . L (- L
| - - o) 1600, I fosexp ety | g w14 MLO) 0.102 0.104 0.106 0.108 0.11 0.112 0.114 0.116 0.118 0.12 0.122
L,

2100 Luminosity uncerainty NNPDF3.0 (NNLO) Luminosit y uncenainty NNPDF3.0 (NNLO)
010105 041 0415 042 0425 013 0135 01 0105 041 0115 012 0125 013 0136 aNNLO(m )
NNLO, s Z
o (m.) aNNLO(m )
s 7 e z
_ cms ‘ Bw'(TeV)  _ CMS 38pb” (7 TeV) PDF Gﬂs(mz)
o o
S ) S wof +0.0015
& asof & 0.0019
MMHT 14 NSy i
S 0= 8 .
(3] = (3] B . 22
0 pp = Z4X, s =7 TeV } I HERAPDF2.0 (NNLO) pp— Z+X, Vs =7 TeV I B HERAPDF2.0 (NNLO) HERAPDFZ 0 O . 10974;8 8823
420, B Total exp. uncenain Y } = ;IA‘H‘TETF (I;J?‘I)Lﬂi 370; [ Totalexp. uncentainty I = ml:r(deN(;Orjw] ’
{ Luminosity uncerainty NNPDF3.0 (NNLO) Luminosity uncertainty Np.apnpa,u {NNLO)
oG08 64T oiTs 692 0125 073 013 070106 04T 0175 042 0125 045 013 NNPDF3O 0.1160 + 0.0018

a™O(m,) ofNO(m, )

m Eventually, better to incorporate o(tt), o(W,Z) into global PDF+ao_ fits.

ECFA o_ miniworkshop, Mar’22 11/20 David d'Enterria (CERN)



o_ from hadron collider x-sections (HERA jets)

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

"Absalute” jet cross sections “Normalised" jet cross sections
820GeV HERA-I HERA-II 20GeV HERA-I HERA-II

low Q
Inclusive jet
high Q
wh | I
low Q2
Dijet
high Q2
low Q2
Three:jet

@, from inclusive jet cross sections in NC DIS
« NNLO pQCD w/ non-pert. hadronisation corrections
« H1and ZEUS consistent
« Sizeable scale uncertainties (MHOU) since data are
at comparably low scales
 Highest precision obtained in fit to data with
u>28 GeV

m Largest uncertainty from missing HO corrs.

o, results from HERA inclusive jet data in NNLO

T 1] I 1 ]
APPLfast and NNLOJET
H1 inclusive jets’
300 GeV high-Q° ———
HERA-I low-Q? ————
HERA-I high-Q° ———t
HERA-Il low-Q° —t—
HERA-II high-Q° ———t—
ZEUS inclusive jets
300 GeV high-Q’ ——+
HERA-I high-Q' -+
Multiple data sets
H1 inclusive jets T —t—
ZEUS inclusive jets et
HERA inclusive jets —+o—  [0.1171 (9exp
Multiple data sets (i > 28 GeV)
H1 inclusive jetsiulszseew ——T=
ZEUS inclusive jets (i>28aev et
HERA inclusive jets (i>28cev) —+—+
World average [rocis) I - I

1l 1 L 1 1 1 I
* previously fit in Ref.[10] 0.1 0.12 0.13
dg (MZ)

as(Mz) = 0.1178 (15)exp (21)4n

Nice testbed for upcoming LHC jet x-section based extractions.
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o_ from EW precision fits (PDG’21)

» Extraction from three Z-peak pseudo-observables (LEP, SLC):
I, = 2.4952+0.0023 GeV (+0.1%) R = F;ad, o0 12mLelhaa o 127 Iy
£

mz F2

Known at N3LO, no NP uncerts.: g3 = % REW Ne 1+ch( XY 1 O(ad) + b + bup)

a, (M) =0.1221 + 0.0027 (+2.3%)
» Also from the global EW fit leaving o as single free parameter:

2
o

MH 0.0 5‘ =
M,, -1.5 <] £ =
iy o1 4.5 - £
M, 0.3 e e 26
'z -0.2 = , 7
o 1.5 3.5 [Gfitter’ 18] 7
R, -1.0 - 3
A%, 0.0 30 ] 3
A(LEP) 0.1 E 5 R
A(SLD) 2.1 25 R
sinfeor'(Q_ ) 0.7 2 Vo S
sln2®:::‘('l‘evt) 0.1 = T
A';; 0.8 1.5 A
G - " A
A, 0.6 = < =
R 0.0 0L | . _ .
Ro 0.7 '“"“II.- 1 1 1 | 1 1 1 - J :‘-‘ '-’1.. L -'}"- 1 1 1 T
m, | 05 8.11 0.115 0.12 0.125 0.13
{5)
o by (M)
g a (M) =0.1194 +0.0029 (+2.4%)

(oﬁt - orneas) / S meas
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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 as(Q))° . TH uncertainties:
72(Q)=Twz (1 + ; a;i (Q) ( - ) + O(a3) + gy + Smix + 5np) £0 01% (Z)

+0.02% (W)

¢ The ratio of W, Z hadronic-to-leptonic widths :

Thad () ( ( Q)) 5 ) Parametric uncerts.:
R , Q :ep,i ¥ +6mix+6np .
WZ( ) F{V?Z(Q} Z ( S) (Oé mZW’ CS’Ud).
+0.03% (2)

¢ In the Z boson case, the hadronic cross section at the resonance peak in ete~

had _ 127 rgraad
g mz  (T%")

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

+1.7% (W)
+0.03% (W, CKM unit)

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: as(mz) =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]

» Parametrized W boson I';? I5°T R, (with of,a,a o corrections):

F{%F:F0+61AW+C4AH+CSA1§+C7A‘T$

WY =Ty + c1 Aw + e Ackm + 3 Dag + o6 A2

g ?

Aw = (%)3 — L An=log (12?{10) A= (1;;9) L A= (177;77) 1 Bag = Cffl(%) — L Ackm = ol,Iz/idgli j: L‘,/E,ZI; -
W widths (GeV) Iy cq 3 c3 Cyq cx 6 cr Max dev.
ric 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.) 1410.21  1409.59 — 52.34 - - ~1.15932 - < 0.0002
Tt (exp. CKM)  2119.58 2044.8 73255 50.67 0.03980 0.46258 —1.0723  —0.36408 < 0.0002
riot (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 £ 0.03525,; = 0.00164,

2.0757 £ 0.0014p, £ 0.0015¢

2.0684 £ 0.0254

ECFA o_ miniworkshop, Mar’22
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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]

— Imposing CKM unitarity: large exp.
uncertainties from I, , R, (+0.9-2%): 15
QCD coupling with ~27% precision

______________ 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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Summary: o_ overview

m World-average QCD coupling today:

— Determined from 7 N?3LO observables

— Impacts all LHC QCD x-sections & decays.

— Role BSM: GUT, EWK vacuum stability,
New coloured sectors?

(1) DIS & PDF determinations:
Fits of DIS structure functions,
global PDF fits.
a (M) =0.1162 £ 0.0020 (+1.7%)

Future: N°LO PDFs needed, EIC data
(2) Hadron collider determinations:

pp: o(ttbar), o(W,2). ep: o(jets)

a (M) =0.1165 + 0.0028 (+2.4%)
Future: Incorporate to global PDF+a._ fits

(3) Electroweak precision fits:

ee — Z pseudoobserv., Global SM fit

a (M) =0.1208 + 0.0028 (+2.3%)
Future: Permil uncertainty requires FCC-e*e

ECFA o_ miniworkshop, Mar’22 20/20

(M) =0.1179 + 0.0009 (+0.85%)
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Backup slides
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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%)]

IV”I2 ! a )
W\N@GGO%%} NW@ 3.78% Wﬂ@ W@-OOS%

» 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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o_ from hadronic W decays (today)

DdE, Srebre:arXiv:1603.06501

® Extract o by comparing the theoretical hadronic branching ratio formula to the experimental world average value

Ry ., = 2.069 +0.013

CKM unitarity
- = = =Experimental CKM
| L 1 1 | 1 1 1 | 1

0,16 : : <+

0,14 -

0,12 —feeeteercumsseirnecs

0,10

0,08

)

2
Ots(mw

0,06
0,04

0,02 -

0,00

P
-

" o ml)=0.0£0.16,, +0.02, [

—

— T T T T T 7
198 2,00 202 2,04

A L R L N
206 208 210 212 214 2,16

Rw

= Setting the CKM matrix to unit matrix
instead of using experimental values, we can
extract as with 35% uncertainy.

To extract s with a higher precision:

m reduce the uncertainty of | V.| as
mentioned earlier,

m reduce the uncertainty of my,
(measured to 0.02%) which becomes
dominant once the |V | uncertainty is
reduced below 0.05%,

m measure BRyy(hadronic) with a better
precision than today (0.4% now).

o extraction method

as(m,)

s (m32)

B;‘gd (experimental CKM)
B?:‘;d (CKM unitarity)

00 :I: 0.0‘4@}{1} :I: 01 6'[_)&1‘

0.119 4 0.042¢y, + 0.0044, =+ 0.001 py

0.0 0.04¢yp £ 0.16,5a;
0.117 = 0.042¢xp + 0.004;, =+ 0.001 5y
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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

Mz-l»mﬂke';.!
e e SR L LS LR E LR 081
o, =25keV : «;6'
~2 % 10° \ "2:0‘4-
3
---------- <0.2
I
OM;=100keV: |  coooo oo - S o}
16 x 105 : ‘»
Pz
S
g04r

Relati

o
o

.
.......
-

:

'3 2 i 0 1 2 3
Ecu-M; [GeV]

+ 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

—8—FCC-ce (2 IPs, CDR) =2 T 1T & "]
L) : - _
- —&—CEPC 21Ps, CDR) S [ Zzpole |wWw| Hz Top |
oA —8—LC (TDR and upgrades) = L %10 SCI « 10 - L
g 100} —=—CLIC (CDR) g 150 i Event statistics Vs precision
o £ 7 ]
o
gc 5 77 i gx10'? ete” — Z 100 keV
—_ ~ 7 -
< 10 100 //’ ] 108 e*e~ — WHW- || 300 keV
3 E 7z i
g 7 1 10°% ete” — HZ 1 MeV
E sor 7 ] 10° ete~ — tt 2 MeV
E - 7 ]
,,3 E 3 | | —r T 1,
. . : : : ; % 5 10 11 1213 1@
50 100 150 200 250 300 350 400 Yea
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 (103 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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Summary: a_from hadronic EW bosons decays

m World-average QCD
coupling at N%2LO today:

m Future: Permil uncertainty possible
with a machine like FCC-e*e

— Determined from 7 observables R
with combined +0.85% uncertainty aet
— Impacts all LHC QCD o
X-sections & decays. 25°

— Role beyond SM: GUT, 2
EWK vacuum stability, 152

=

———————————— 2c
i m— 7 data, FCC-ee (91 GeV)

| ] == Z data, LEP (this work)
[ ] world average [PDG 2019]

/|

| | o (m,)=0.12030 + 0.00028
+0.2% (tot), +0.1% (exp)

NG ¥ . S o

New coloured sectors? 3
m Current Z,W-based (M) extractions: ¥ “erie o ot o | SM
— Z pseudo-observ.: +2.3% (mostly exp.) :f ] ] “stress
— W pseudo-observ.: +35% (mostly exp.) o test”

m Updated Z,W-based o (m ) extractions: 3"
— Z boson: New fit with HO EW corrs. + o
corr. LEP data: o (m)=0.1203+0.0028 (+2.3%) 15
+2.3%,0.5%,0.1% (exp., th., par.) uncerts. |

R, T, FCC-ee (160 GeV)

I:' World average [PDG 2019]

o (m) =0.11790 £ 0.00023
+0.2% (tot), +0.1% (exp)

— W boson: New N°LO fitto I, , R, 085 G17 018 0418 R T b2

+47%,27%,1% (par., exp., th.) uncerts.

og(m.)

Detector improvements under study to bring

o, (m) =0.101 £ 0.027 (+27%) propagated syst. uncert. on W,Z pseudo-observ.
ECFA a_ miniworkshop, Mar'22 28/20 below 0.1%
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