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The strong coupling o,

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

m Single free parameter of QCD in the m_ = 0O limit.
m Determined at a ref. scale (Q=m,), decreases as o Nln(QZ/AZ)‘1 A=x0.2 GeV

0-12412 PDG world average 0% ; ' T decay (NBLO) =
Q o.122- Y 2025 low G2 cont. (VLO) -
o 031 ¢ Heavy Quarkonia (NNLO) -
© m HERA jets (NNLO)
y 0128 o) iaE e jesihapes (NNLOSNLLA)
S i Vi \ S : ' e*e” 20 pole fit (N3LO) o
(4] 01158 / N e G LHC dijets (NNLO) +=-
L g 02f pp top (NNLO) e~
CEN 0.1 16: / g pp TEEC (NNLO)
- 0.114F 015
7) i /" .
3 0.112[% o1k o 1
O o1i- V/ Uncert.~0.8% ]
o i 0.05 ' ' '
O 0.108] _ e 10 . [1 CSSV] 1000 10000
i arXiv:2203.08271 [hep-ph]
G106 i [ N I NN (N N N I N NN N NN NN RO B
1988 1990 1992 1994 1996 1998 2000 2002 2004 2006;;);;010 2012 2014 2016 2018 2020 2022 2024 2026 2028 a ( 2) 0 1 1 80 + 00009

» Least precisely known of all interaction couplings !
Aox10"Y < AG ~10"< AGx10* < Ao _~0.8%
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https://inspirehep.net/literature/2053387

o_ impact beyond QCD

m Parametric uncertainty for key Higgs, EWPO, top quark calculations:

T ., F oo - 1712 cen -

Process o (pb) 6a3(%) PDF +a3(%) Scale(%) %1-4 :_tjg‘or:s;j:\resr:m; :rif;v-Fcc—ee 350 LS only

o B ]

ggH  49.87 +3.7 62 474 2261 +0.32 % 2Fete »tthar ~ FoCeessoLswsh

w - ]

ttH 0611 +£30 + 89 93 +5.9 g ' ]

B 0.8 ;_ ¢u‘5‘yt —:

Partial width intr. QCD para. mg  para. ¢s 0.6F _'

H — bb ~ 0.2% 1.4% 0.4% 04l N E

H o ~ 0.2% 40%  04% E Am,,, ~¥30 MeV -

- H — gg ~ 3% < 0.2% 3.7% '0 ———"[F. Simon, arXiv:2203.06520] 1
340 345 350

Vs [GeV]

m Impacts physics approaching Planck scale: EW vacuum stability, GUT:

60 |-
Meta-stabili B '
= 50 ~Ao =+1%
) 174j \ 1 40 + 4
3 a \G // a0l 1 O r_unnlng
my= 125 +{}4— = at h|gh Q
; g 20 |- 4
170/ s 4 New coloured
_ Absolute stability 10 - o3 (mSUG RA) ] sectors?
168{‘ 0 I_ L | L | 1 1 1 |
102 106 1010 10_14 |
a:(mz)  [Alekhin et al. arXiv:1207.0980] Q [GeV]  [Weiglein et al. hep-ph/0410364]
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o, determination (PDG 2025)

m Current precision: Ao = +0.8%

From combination of 7 categories (grouped exp. observables)
compared to N**LO pQCD predictions:

[Huston Rabbertz Zandenghl]

0.35 Ty
- T decay (N3LO) -
0 Loy (1) Tdecays low Q2 cont. (N3LO) ]
O Heavy Quarkonia (NNLO) +e— ]
S\ ~(2) QQ HERA jets (NNLO) +a—i
025 F W ~ e'e jets/shapes (NNLO+NLLA) +v—
1 (3) lattice e*e” 20 pole fit (N3LO) +o-
e ; ‘\ LHC dijets (NNLO) +o—
S 02 \g~~. (4 DIS, PDFs pp top (NNLO) e~ -
o] : AT | pp TEEC (NNLO) :
TR o o - * @ €+e'jet3&th shapes
T Y R (6) Z decays ]
01 L , 5 R ) pp—»ttbar jets
| == 0g(mz? =0.1180 + 0.0009 J—w
0.05 e s e
) 1 10 100 1000 10000
ugust 2025 Q [GeV]

m Running coupling probed up to Q ~ 7 TeV at the LHC
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World-average a_(PDG 2025)

m 6 unweighted pre-averages categories averaged with lattice-QCD result:

(M) = 0.1180 # 0.0009 (+0.8%)

-

(M) =0.1171 + 0.0017 (+1.4%)

Quarkonia properties (6 values):
a (M) =0.1181 £ 0.037 (*3.1%)

DIS & PDFs fits (7 values):
a (M) =0.1161 + 0.0022 (+1.9%)

|
\
\
\
\
\
\
\
\
e*e - hadrons final states (7 values):
a (M) =0.1189 £ 0.0037 (+3.1%) |
\

\

|

|

|

|

|

|

|

\

\

\

\

\

\

|

\

\

\

Hadron collider measurements (10 values):
a (M) =0.1170 £ 0.0025 (+2.1%)

Electroweak precision fits (1 value):
a (M) =0.1221 £ 0.0027 (+2.2%)

Lattice QCD (1 FLAG average value):
0 (M)=0.1183 + 0.0007 (+0.6%)

alpha_s round table, QCD@LHC, Sept’'26
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H1 (jets)* —e—1 |
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A few a_topics for discussion

(1) How much more & how fast can lattice-QCD improve its +0.6% precision ?
(2) Open points in a_extractions from e‘e” event-shapes.

(3) Actual accuracy & precision of o_from Z boson low-pr recoil in pp colls. ?

Other possible items (and/or any other of your interest):

(4) Correlation between hadron-collider & PDF PDG categories ?

a, from pp collider cross sections without full global PDF refitting ?

(5) Non-perturbative and MHO uncertainties for hadronic tau decays.

(6) Combination of PDG world o_ from lattice & non-lattice averages ?

(7) Ultimate o_experimental precision achievable ?
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(1) a_ from lattice QCD: state-of-the-art

m Comparison of short-distance quantities (QCD static energy/force, light-q &
heavy-Q currents, quarkonium,..) computed at N=*LO in pQCD to lattice data

with m__. fhacl

KN KPT

fixed to exp. data:

D i=0

Plus step-scaling & decoupling methods.

m Community-agreed (FLAG) requirements:

- large renorm. scale for pQCD part: u>>/Aoco
- continuum limit (spacing a-0): y < 1/a

- large latt. vol. (L - o): L/a > u/Aqco ~ O(103)
- peer-reviewed results

m Current uncertainties driven mostly by
pPQCD truncation/matching at low scales,
(except for state-of-the-art methods:
Step-scaling & Decoupling) and
lattice statistics.

alpha_s round table, QCD@LHC, Sept’'26 7/13

[FLAG Collab. http://flag.unibe.ch]

—.—I FLAG estimate
o |—H ALPHA 17
& u { PACS-CS 09A
El ——] ALPHA 22
—— Ayala 20
- —— TYJMQCD 19
L — {1 Takaura 18
—{ Bazavov 14
—] Bazavov 12
—,— Cali 20
£ # 'm Hudsgith 18
& |t
Il HPQCD 10
g — Maltman 08
= — HP8CD GSA

— Petreczky 20
. ,71:4 Boito 20)'r
E] H Petreczky 19
S - Maczays 16
S |
g — ISCo Tan
= HPQCD 10
—H— HPQCD 08B
Zafeirg %oulos 19
£ ETM 13
> ETM 12C
ETM 11D
o | Nakayama 18
Hl—] decoupling
L vacuum polarization
- step scaling
——t Q-0 potential
H—— Wilson loops
1 heavy current two points
0.110 0.115 0.120 0.125
FLAG2024 s

a_ = 0.1183 + 0.0007 (+0.6%)
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(1) a_ from lattice QCD: state-of-the-art

m Most precise methods today: step scaling/decoupling

Step scaling

~

» Non-perturbative finite volume approach

HMhad ~ MP : a(fthad) — @(2phad) = -+ - (2" tipad)

~

—

Decoupling

» Exact NP relation between Agcp and Ayy

{\/%] X {\/%TM X AYM]

Vto X Agcp = lim

» PT only used at 2" juj,,q ~ 100 GeV (arbitrary) M=o0
» Negligible PT uncertainties 1
X —— .
» Systematic: continuum extrapolationa — 0 P(A/M)
» Systematically improvable (larger lattices L /a)
» Increasing computing power helps here! » Matching via QCD with all quarks heavy M > A
\, J . .
0.034 T T T T T
Final Result meme
v=—-05 —e— .
0.033 - v=0(FitB) —e— i

v =0 (Fit C)
=03

0.032

Loh
—t
N\
.

»—‘Q—q

\\

\

e

| ]

0.031
0.03
0.029 1 1 1 1 1
] 0.005 0.01 0.015 0.02 0.025
o?

val [0

3.2GeV energy

L l
0.8GeVv

-«— strong coupling

1.6GeV

weak coupling —>
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(1) a_from lattice QCD: future progress

m Perspectives for uncertainty reduction;

Statistical |C1T.7'fc| ] S}'h‘ll‘]]l}lli('|1'.].2‘.:';| ]

~  Uncertainty in last determination [Nature 652 no. 8109, (2026) 328-334.] ey

fo Robust [20.9%)

> fy: scale setting. Community average, reflecting some tensions.
> ‘ : 0
Expectations (5y): 1.3% — 0.4% AAoen~ 2.5%
» N; =3 — Nf = 4: Systematic subdominant (a2 — 0) A . 10
» Can be reduced, but here O(a) unavoidable(?) (Aau(mg) is ~
P Expectation: 2.3% — 1% — 1.5% smaller)
» Decoupling: Statistics dominated with old computation | b --------———— -

P Better schemes: less systematic, more precision [A.R. JHEP 1411 (2014) 101.],
faster decoupling [S. Sint, "14]

» Dedicated pure gauge codes and more computing time

» Better control of systematic (i.e. QED running “automatically included”)

» Expectations: 1.6% — 0.3%

¢/b thresholds [1.1%]
COMMON [52.4%]

PT N¢ =3 [0.45%]
N; =3 QCD [18.8%]

~  Perspectives )

PT N; = 0 [0.55%]
DECOUPLING |[28.79%]

» Possible error reduction: » Still statistics dominated

> Mainly driven by decoupling

as = 0.11876(58)  0.5% —» 0.1% approach

] 5! 10 15 20 25
Timeframe: depends strongly on cpu/human time Contribution to variance %]
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(2) a_ from e’e” event shapes: state-of-the-art

m Thrust, C-param, ys,... computed
at N>°*LO+N?LL accuracy, and

measured at LEP:

m Results sensitive to NP
(hadronization) corrections.
Large diffs. between MC & analytic corrections:

('

C-parameter
=
norm

3

s |l
GeV |
2

Thrust 1___’

norm

[A.Hoang et al. ol

Full N3LL' results

Thrust with
C—Parameter with (1]
C—Parameter with 0 = 307

arXiv:1501.04753]

Analytic NP extractions removed

C1 5
0.110

1 1 IR T I T |
0.114 0.116
as(mgz)

1
0.112

gl
0.118

.
0.12(

from PDG world-average in 2023:

— Separation of 2 vs 3-jet pQCD regions?
— Hadron mass-scheme uncertainties?

alpha_s round table, QCD@LHC, Sept’'26
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T =1 —max

1

Z |ﬁ; - 1

no bl

3 > 10|51 sin® f;;

2 (ZmD)

ALEPH (j&s)
OPAL (j&s)
JADE (j&s)
Dissertori (3j)
JADE (3])
Verbytskyi (2j)
Kardos (EEC)
Abbate (T)
Gehrmann (T,
Hoang (C)

efe”
- & i jets
“H-—i &
E.l . shapes
| O\ !
———N
——i a

a(M)=0.1171 + 0.0031 (+2.6%)

. B
a (M) = 0.1189 + 0.0037 (+3.1%)
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(2) a_ from e*e” event shapes: Open points

[A.Badea et al. arXiv:2609.03002]

1. Data consistency (including recent reanalyses).
Degeneracy between pQCD (o) & NP (%) parameters.

ALEPH (archived data) DELPHI (open data)

et 91.2 GeV B T ;
'O|% 6 ! : ' T r, 0,116, ” MJ(\;.HHI
= T —_— . (mgz)=0.1136, =010 GeV
=8 L ete” : — . (mx)=0.1150, '_ai- =0.31 GeV
Al N .55 HH  DELPHI Open Data T
N i 5|, SE
L ALEPH (2004) _ ENA
2 L "i" Corrected data (OF) ~ | "_:| 4:_
L = olmz) =0.1136, QF =010 GeV - t
o= o(mz) =0.1136, 0F = 0.31 GeV [global fit] - 3F
= o(mz) =0.1180, OF = 0.31 GeV Theory at M LE [arXiv:2412.15164 - F
= {]: t t ; t t t ; t t t ; y y y 3 2-
%"5 1.1 = - I
=] 5 1.0 B % I.E:: T T T T T
0.9 £ 1.0 - ..
o008 o010 01z 014 5 085 b S e s e
T T
2. Hadron mass effects (exp/theory fits in E-scheme for diff. obs.):
g (_'"l'}!fz)
CTy3 C T Y3
Variation o) [ <) [ < [ <0 [ e [ < [ <o | <o)

E scheme 0.1181 | O0.1161 || 0.1169 | 0.1139 | 0.1168 | 0.1158 || 0.1155 | 0.1154
No Variation || 0.1173 | 0.1153 || 0.1164 | 0.1118 || 0.1152 | 0.1148 || 0.1150 | 0.1149
p scheme 0.1160 | 0.1141 || 0.1164 | 0.1118 || 0.1152 | 0.1148 || 0.1137 | 0.1135
D scheme 0.1199 | 0.1173 || 0.1190 | 0.1153 || 0.1205 | 0.1170 || 0.1168 | 0.1166
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(2) a_from e*e” event shapes: Open points

3. Separation of dijet vs trijet region even at the perturbative level

&
=]

e X AL L S R S T T
2 1.25F ]
15 K/i‘ 1.00f ] Thrust fits in
s ] resummation -
e o1 T . ) 1 fixed-order
e 2-jet limit 3-jet limit 0.50F — Pr) with niy =0.11, Loy =0.75 1 transition
[ —— h{7) with 73, =0.08, ., =1.25 3 .
05 - - : . : 1 region
0.25 :_ —— h(r) with 1y, =0.13, {,, =1.13 _:
| | | | | | F -——-- C(m)/C(.07) (JHEP 12 (2022) 062) 7
U D m [ i 1 i i i 1 i 1 i | i 1 i 1 i 3
0O 005 01 0145 02 025 0.3 ' 0.08 0.10 0.12 0.14
T T
. . - ; A.Badea et al. arXiv:2609.03002
4. Mellin vs. direct-space resummation: [ !
10k T T T T T T T T
2 —— HLLWLO L N4LLy+N3ILO =3
aglm;"j=0.118, Q=m; e ML il N4LL+NILO B2
—— HLLaNLO L HELD: f— e L S e B e e e o e e e LI
----- MMLL+NLO) {1 space) 10 [ _ 4 OARSEN D = NLLY7)/ N'LL'(10
5 ::tt::tg ) '—3 H \\ : 5 Es E'nl'rrhalized Drstributions — NILLYT/ N3LL'Am)
"' F‘JLL:TW e g ; L1E @=mz — NALL{7/ N*LL'{y)
) = E 1.0
E

=
=]

(=
=

-D.UE 004 006 008 001 012 014 016 0018 02
T T

Ref. [51] Ref. [55] Ref. [103]
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(3) a_ from Z boson p_ recoll

m Differential Z boson x-sections available at N?2LO+N34LL
m Method: Compare do/dp_(exp) to do/dp (N"LO+N"LL) for diff. PDFs/a._: Extract o

+ Advantages: O(<1%) exp. uncerts, sensitivity to o via soft/coll. ISR gluons.
— Disadvantages: Sensitivity to NP effects, MHOU, HF PDFs, ...

9 -
b

80 - m ATLAS extraction with “aggressive”

subpercent uncertainty: [arXiv:2309.12986]

| pp—oZ 8TeV

T

60—

do/dp_ [pb/GeV]

o, = 0.11828 + 0.00088 (+0.75%)

a0 7

W e -o0i08 TS ' Experimental uncertainty +0.44

o — aim) 0118 PDF uncertainty +0.51

2 {oF BT Scale variation uncertainties +0.42
é .1— e T T T T Matching to fixed order 0 —0.08
o= -l """""""" e Non-perturbative model +0.12 -0.20
’ ° 0 15 Flavour model +0.40 —-0.29

[Camarda et al. arXiv:2203.05394] P, [GeV] QED ISR +0.14

— Just one approx-N3LO PDF set used N*LL approximation +0.04
— Gaussian NP model under control? Total 1091 —0.88

— Treatment of MHOU ?
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(5) a_ from hadronic t-lepton decays

I'(t™ — vy + hadrons)
(7™ % e i)
m Experimentally: MHOU: £0.2% ;
R =3.634%0.008 (+0.2%) Ato =~ (307.8+ cs1) (C‘fs(;r"ﬂ) sy — 2834142

T,exp

4
= SewNc(1+ Y en () +0(ad) + )

xr—il

m Computed at N°LO: R, =

Hadrons

m Theoretically:
— “Historical” diffs. in pQCD approaches
in FOPT vs. CIPT truncations.
— Solved: CIPT converges more rapidly but

oscillatory. Not in PDG anymore Hadronic T spectral function:
m Uncertainty today ol i
a,=0.1173 £ 0.0017 (¥1.4%) ‘[ .; )
driven by NP corrections: R T s = aiile) = e Tin{o+ fs)
truncated-OPE vs. el Py e
. . . -0.02 - : : - L 25 | f'; AL%&%: |
duality violations: IR _
N OLL GNP L= S-S
» Future prospects: TEorer et e .
— N4LO corrections. j N "
— Better spectral functions needed: RN W I

BELLE-IlI, STCF. Longer future: O(10%*) Z - vt at FCC-ee(90)
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Theory calculations “wish list” (ESPP’25)

m Summary table for precision-QCD wish-list (pQCD, lattice, MC PS):

Observable Missing higher-order & power-suppressed corrections
Hadronic Z width (), 6(a), 6(o,0), O(aza”)
0s(Mz)  Hadronic W width 0(a), 0(a%), 6(a), O(0,0%), 6(a,a’), 6(a2a’)
IN €&~ Hadronic 7 width o(a)
Hadronic event shapes (Z, W, H decays) N’LO differential, N34LL resummation, power corrections
Inclusive jet rates 3-jet cross sections at N°LO, 4-jets at N’LO, S-jets at NLO
.CXs(mz) Lattice QCD results 6(0f) B-function; &) heavy quark decoupling; &(o.) static potential
in latt. (o, extractions; quark masses m,.,m,,) O a3 ) lattice perturbation theory matching (lattice coupling to afTS etc.)
Mw,Mip O e” > WIW) vs. /s EW N’LO: &(a”), Mixed EW-QCD: #(a,a”), 6(02 )
in ete olete” =) vs. /s NRQCD: ﬁ((xss), Non-resonant: ﬁ((xf),
0(c) differential; QED: &(o’) at NNLL
QCD H— bb width N*LO (massive b-quark); N*LO differential (massless b-quark)
in HiIggs H-— gg width N°LO (heavy-top limit), N*LO (massive top)
etee-p N*LO differential, N’LO differential (massive top)
’ " MC simulations forete” = X processes N*’LO matched to N*°LL PS.
P-p PS Permille control of non-perturbative QCD effects (hadronization, CR,...)
st(m Z) ep — hadrons (PDF and «, determination) N>*LO evolution equations and inclusive cross sections
in DIS _ep— jets (o, determination) NLO cross sections

arXiv:2511.03883 [hep-ex]

B Future Higgs/EW/top factories (in particular FCC-ee) impose very strong
requirements on theory developments to match expected exp. precision.
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https://inspirehep.net/literature/3070637

Summary: Current & future o_precision

m Well-defined exp./th. path towards o _(m ) permil precision in coming years

Method

Relative cs(m32) uncertainty

Current

theory & exp. uncertainties sources

Near (long-term) future

theory & experimental progress

(1) Lattice

0.7%
Finite lattice spacing & stats.
N22LO 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) T decays

1.6%
NLO CIPT vs. FOPT diffs.

Limited 7 spectral data

< 1.%
Add N*LO terms. Solve trunc-OPE vs. DV

Improved 7 spectral functions at Belle II

(3) QQ bound states

3.3%
N%3LO pQCD truncation

tMe,s uncertainties

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

Combined m. s + as fits

(4) DIS & PDF fits

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

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

(5) eTe™ jets & evt shapes

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

~ 1.5% (< 1%)
Add N%22LO+N3LL, power corrections

Improved NP corrs. Hadron mass effects
New improved data at B factories (FCC-ee)

(6) Electroweak fits

2.3%
N3LO 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 (tZ, W, Z, e-p jets)

~ 1.5%
N®*LO+NNLL (for color-singlets), improved PDFs
Add more datasets: Z pr, p-p jets, o;/0; ratios,...

World average

0.8%

~ 0.4% (0.1%)
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o, from EW bosons hadronic decays

m Updated Z,W-based qs(mz) extractions: [DE&Jacobsen, 2005.04545 [hep-ph]]
New fit with HO EW corrs. + corrected Z LEP data. New N°LO fitto I , R,

e 4.5 T

< E H
4p————————— L ==

E or " i

2c
35— —1IY
.~ —n o(m)=0.1203£0.0028 (+2.3%)
g o AR :
255 - ¥ 20ty A !
20 ---- R, [2018]
] 5; o3 [2018]

F [] World average [PDG 2019] Wl
T —— At

0.5

Nx 4.5F
AN —

— R, Tl (CKM exp.)
— Ry, Iy (CKM unit.) ]
[ World average [PDG 2019]

3.5-
7

o (m,) = 0.101 £ 0.027 (+27%)

250
x
1.5

e N s

05—

(904 0.06 0.08 0.1 0.12
ocs(mz)

m Future: Permil uncertainty possible only with a machine such as FCC-ee

“ed.5

4.5

S S N .10%Zbosons = - ECREEES 10° W bosons|,,
ie : | || — zoaa FoceeiGev) | 1 ()5 syst. uncerts. 4. 10 syst. uncerts.
: | ] == Zdata, LEP (this work) :
3 - I:l World average [PDG 2019) 3 — R, v, FCC-ee (160 GeV)

25
2
1.5

~—-B —-.- ————— ;_ [ S S —— 1o

=y

0.5

0%

6 0118 = 012 0122 0124
ag(m.)

a (m.)) = 0.12030 * 0.00028 +0.2% (tot), +0.1% (exp)
alpha_s round table, QCD@LHC, Sept’'26 18/13

SRR AR

P s

Strong SM -
“stress test”

I:l World average [PDG 2019]

I -y — o
0.5
:\II\\III\‘II\\II\ |J L \\II\\II‘\\\I\\\\Il\\ll\\ll\‘\ll\\ll\\
0.q16 0.117 0.118 0.119 0.12 0.121 0.122
OLS(ITIZ)

a (m)) = 0.11790 * 0.00023 +0.2% (tot), +0.1% (exp)
D.d'Enterria, A.Ramos, G.Zanderighi


https://inspirehep.net/literature/1795063

o, extraction from LHC pQCD x-sections

m Method: (1) Compare cs(exp) to o(NNLO) for varying PDFs+o._
(2) Extract o_ via > minimization
(3) Extra requirement: proton
Redo (partial) PDF fit e
Gluon & a_strongly

(anti)correlated at
high (low) x.

parton a
XIPJ

parton c
P

parton b

X? P =
proton

P2

oop X = > [ [ dmdr i ratue) i o 610+ )imo + 2w + -

m Global rgananisrement' pQCD accuracy:  O(50%)  O(20%) O(2-5%)

— X-section NOT incorporated in global-PDF fits (avoid “double counting”)

m Theory requirements:
— NNLO prediction: Few % scale uncertainty
— Low non-pQCD & parametric (e.g. m ) uncertainties & controlled EW corrections

m EXp. requirements:
— Few % stat. uncertainty: Process with large cross sections (say 62100 pb).

— Few % syst. uncertainties: Ratios (luminosity & other syst. cancel out) better?

alpha_s round table, QCD@LHC, Sept’'26 19/13 D.d'Enterria, A.Ramos, G.Zanderighi



a, extraction from LHC pQCD x-sections

m Increasing number of NNLO processes, but: not yet in global-PDF-fits, large x-
sections, small EW/non-pQCD corrections, small exp. uncerts,...:

" o8 ven aandst ool o el il \io @A™ o0
eerve™ % aande’: MY von N et P ot 'w\n'w“’w won, PSS o a‘e_‘ - a0t y
pY. Ve el eSO a0, ST et pnastas L aqiasih Ty gt plofa™ MO, T o

A na ' . it J
wllw"ﬂw\-\ yorah \:\o@ pavind’ Wr ot itk w ats W\TG\“ catart G‘“‘fg(‘;ﬂ\ gerrer® e perrerd
W ot N|-\3 \Nﬂmﬂ{_wﬂ.‘-c'de mzala‘d'
¥ ;tl(paﬂ‘ﬂn' Boud .
.tbar total, Czakon, Fiedler, Mito¥
>l < rZ Grazzini, Kallwelt, Rathlev, Torre
=4 S ij (partiall. Gehrmann-De Ridder, &t al.
2004 2006 2z, Cascioli it et al.
p 2002 2008 S -ZH diff., Ferrera, Grazzini, Tramontano
[ WW , Gehrmann st al.
1990 2010 tibar diff.,, Czakon, Fiedler, Mitov
2012
NNLO 2014 )
ZZ, ni, Kallwell, Rathlev
Hj, Caola, Melnikov, Schulze

Z-¥, W-y, Grazzini, Kallweil, Rathlev
*Zj, Boughezal et a),
2016 WH dift 711 o
Y, iif, ZH difr, Campbaell etal,

Hj, Boughezal et al.

Wij, Boughezal, et al.

Hj, Boughezal et al.

VBF diff., Cacciari et al.

Z), Gehrmann-De Ridder et al.

A ()
2018 o ampbol et
azzin; eta
McFMG"ZZ‘"" etal
BT 2 G NNLO Boygn,
o singlg ,;p ;;"h’man e al et g
. de &ng:! ' Gao, ..y, T, &t gy,
Chen, star al Yan, zy,,
-0

Slide inspired by G. Salam "‘""'rlf_g,,_m VBE
ME g %BFUH"{_{ sz""fa ZZ_ G. Heinyi
Created by L. Cieri el o rtinez, ot gy Hich, et o " Grazzip; o al

m First ones tried: ¢ _(ttbar), 6 (W,Z), do/dp (Z, low p,)....

B Not yet tried at NNLO: Ratios R_,(p,) = 6(3))/6(2)), 6(Z+))/c(Z), s(W+))/c(W),...

Note: Different TH prescriptions exist to construct “correct” NNLO R, ratios...
alpha_s round table, QCD@LHC, Sept’'26 20/13 D.d'Enterria, A.Ramos, G.Zanderighi



Summary: o, wish-list for the next ~10 years

m Theoretical needs to approach (0.1%) precision:
(1) Lattice QCD: Sufficient dedicated computing resources & person-power:

- Develop pQCD N*4LO theory for observables in a finite space-time volume
- Extend higher renormalization scales via step-scaling to more observables

(2) Other phenomenology efforts:

- N*LO for tau decays.
- Advanced power corrections for e*e” event shapes & 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,...
- Z, W hadronic decays at N*LO & mixed QCD+EW needed for longer term.

m Experimental needs to approach (0.1%) precision:
(3) Extension of N22LO hadron-collider- and/or PDF-based extractions via:

- LHC: Add new precision observables & datasets (TEECC, Z pr, Gi/Gj ratios,...)

Improved treatment of exp. correl. matrices uncertainties among measurements
- EIC: New DIS measurements (also LHeC/FCC-eh): F2P4(x,Q?), PDFpa(X,Q3?), Bj.SR
- FCC: Hadronic Z (and W) decays is the only non-lattice method known that
can reach permil precision: Tera-Z machine needed.
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(2) a_from e*e: event shapes

m Computed at N**LO+N?LL accuracy.
m Experimentally (LEP): 1 . pi-n
. — max
Thrust, C-parameter, jet shapes > |pil
3-jet x-sections

- 330, |57 sin® 6
m Results sensitive to non-pQCD €' =57 (5~ 5
(hadronization) corrections. '

» Improved evt-shape power-corrs:

AL 3 jet evnt

0.75

Nasor§1, Zand?erighi : : )
07 rarXiv:2301.03607 R B G e — [Mpact of power corrections & NNLL

THe L resummations in the 2-jet limit?

: : : : : CT green

: éCaTs)’aDI fed .
S 055 = | - | 1 _ Uncerta|nty of mass-scheme to extend
0.45

[S RavaS|o Ferrarlo]

l |\||\||_O -|- C.Y, f,ts-m 3. Jet reglon -1 — Understand data (incl. reanalysis) diffs.

0.35
0.112 0114 0116 0.118 012 0.122 0.124 0.126 0.128

as(Mz)

» Future prospects:
— Better power-corrs for shapes, (N*3LL) resummation for rates. Grooming?
— New e*e data at lower-vs (Belle-Il) & higher-vs (Higgs factories) needed.
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o, from DIS struct. functions

m N%3LO analysis of (non)singlet struct. functions (BBG, JR14)
(and NNLO global PDF AMBP fit) tend to give “lowish” a (M ) ~ 0.1150

0.1

el
— n(#R) dz A -
R @) =e > BEL S [ el it sp(2) + o)
1=4,9
| J. Blilmlein, H. Bottcher, and A. Guffanti, — 0125
[ Nucl. Phys. B774, 182 (2007). E; s PDG2016
| C

0.4 __ EL:MZZS - T"7"7] HERA I+1I + fixed-target

- xd (X) = i <

| v P ors [ S0 HERA I+ fixed-target
03 | --- N3LO

- 0.1175 |-

B IO L sLAc NMC
0.2 - w NLO V2 ons [ |

[, e P o ._ 01125 \

4 HT fitted

. au(MZ) = 0.1141+9:9929 BT \

0.1075

Lol A oY O i T L1 3 HERA I+I1
- BCDMS HERA I
10 -3 10 -2 10 -1 X oq0s Lo v vy
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 prospects: New high-precision F (x,Q%) at EIC.

alpha_s round table, QCD@LHC, Sept’'26 23/13 D.d'Enterria, A.Ramos, G.Zanderighi



o, extraction from global-PDF fits

m NNLO PDF fits extract a_ by leaving it float in the global fit (PDF+ocS fit):

CT18 NNLO

@ (Mz)=0.1164+0.0026 at 68%CL _ MSHT2020 NNLO aS(MZ ) x vanatlon
100~ T T T T : - T
\ 1 ] - ~ 148
80| O( ( ) - . — . m
S z HERAI+II pest it ag (Mz=) = U.11/4,
s+ ————1Total 6500 =
/1 BCDMS p - ¥2 = 5119.5 for 4363 points
60 q
. . —€MS8 jets
EoLl ya X2 6000 - 7]
= s ] €MS7 jets
L | E866pp
20F > 1 i {
1 €EDF2 jets 5500 — total x2  + =
| EHCb8WZ it 4
0 ~ —ATLAS7 jets
D02 jets
| "ATL8ZpT [ iy - . 0 L L ‘
2ol ) ) ) ) 5000 | | | | |
0.110 0.112 0.114 0.116 0.118 0A120 0122 0124 0.105 0.110 0.115 0.120 0.125 0.130 0.135
as(Mz) as(Mz%)
HiandZEUS O (M ) =0.1161 * 0.0022 (*1.7%) °
NE 14 NNLO, m clusive + je td ta N | NNLO
Total e gl
Sz ® Top quark pair praduction | NN#DFs'l A *—"—‘T
| —
ob o (M)=0.11 6 = 0.031 Lt
stV ‘e |/ - o free fit Colider Drell-van| (. (M ) =0.1185 = 0.012 —
6 uncertainties: Fixed Target Drell-Yan{— S ‘
Bl exp/had Inclusive Jets
4 [ model/param
] scale Collider DIS {HERA) [
2 L
Fixed Target neutrino DIS - e i——
or Fixed Target charged lepton DIS =

1 I I
0.12 0.122 0.124 0.126 | 0.110 0.115 0.120 0.125 0130

O‘s(M;) as(mgz)

I
0.11 0.112 0.114 0.116 0.118

m Diffs. across fits: Tolerance factors, weights on specific data sets, parametriz. biases
m Theory uncertainties (size of missing HO corrections)? Full N°LO upcoming.

» Future prospects: New high-precision (polarized) PDF(x,Q?) at EIC.
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o_ from hadron colliders: HERA jet x-sections

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

Double-differential HERA jet data in NC DIS (as function of p,,Q2) commonly used for a_ determinations a results from HERA inclusive jet data in NNLO
H "Absolute” jet cross sections — T T
ZEUS 820GeV HERA-I HERA-I APPLfast .-xa NNLOJET
Inclusive jet H1 inclusive iets'r
300 GeV high-Q° ———
HERA-| low-Q° ————
izt HERA-! high-Q° ———t
ije HERA-Il low-Q° |
HERA-II high-Q° ——o—11
Three-jet ZEUS inclusive jets
300 GeV high-Q° —r—t
HERA-I high-Q S——
Multiple data sets
. . : . : H1 inclusive jets ' —r——
0, from inclusive jet cross sections in NC DIS ZEUS inclusive jets PP
HERA inclusive jets —+o—  [0.1171 (9)exp

« NNLO pQCD w/ non-pert. hadronisation corrections

Multiple data sets (i > 28 GeV)

« H1 and ZEUS consistent ?;Lijfglli:l]ii‘\fl‘jgsl;c;:>zs.s.e?alln.. o3
« Sizeable scale uncertainties (MHOU) since data are Rt
World average [rocis) et
at comparably low scales Iy S
previously fit in Ref. [10] 0.1 0.12 0 IV‘I] 3
« Highest precision obtained in fit to data with / i
H>28 GeV as(Mz) = 0.1178 (15)exp (21)in]

m Largest uncertainty from missing HO corrs.
» Future prospects: NNLO jet x-sections-based extractions at EIC
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o from Inclusive LHC ttbar x-sections

o [pb]

——— Measured o, (= 10)

Fit paints
for NNPDF30 (no LHC) (NNLO)

Predicted o (= 10)

oy [Pb]

....... Top++ 2.0, ABM11
i Top++ 2.0, CT10

= Top++ 2.0, NNPDF2.3

k_Tevatron
2012

2.

T
—— CMS,L=231b’

------------ Top++ 2.0, HERAPDF1.5 —
------- Top++ 2.0, MSTW2008

R = S T B . .
170 175 180 185

alpha_s round table, QCD@LHC, Sept’'26
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m Compare o(exp,ttbar) to c(NNLO,ttbar) for diff. PDFs+a.

+ Advantages: Direct LO sensitivity to o_ (via gg - tthar)

— Disadvantages: O(5%) exp/th. uncertainties, dependence on m__
m First tried by CMS (pp @ 7TeV). Extended to 8 LHC data sets by Klijnsma et al.

—— Predicted (II{'“"’

Measured a;®

|:| Multiplication of of* and oj*"”

TS ST R T I
0.1 0.115 0.12

CT14

NNLO

NNPDF3.0
(noLHC)

CT14

26/13

()‘.5
:— Projection on o axis
C 0.11784
~ ® : :
s Marginalize
‘_ Ott
E 0.12264
L 0.11302
[1-0.00482) @ ® (;0.00480)
; | L ' s | | ' ' | ' '
0.11 0.115 0.12 0.125
Ly .

NNLO+NNLL

o I NNPDF3.0
2 (noLHC)
T

o, = 0.1177 + 0.0035 (+3.0%)

D.d'Enterria, A.Ramos, G.Zanderighi



o_ from inclusive LHC W, Z x-sections

+ Advantages: O(1-2%) exp/th. uncertainties
— Disadvantages: No LO sensitivity to o (only via K

m Compare o(exp;W,Z) to s(NNLO;W,Z) for diff. PDFs+a, ‘f} *Eim

~1.3)

NnLO
m First tried by CMS (pp @ 7,8 TeV) Extended to 28 LHC data sets by DdE&Poldaru
g cms 38" (7 Tev) g f:MS 38 b (7 Tev) 3 LHC combined JHEP 06 (2020) 016, 1912.11733 [hep-ph]
é 3500 g 2& C - CT14
§ it ﬁ 8- & HERAPDF2.0
s g arof 5 & MMHT14
pp = W.+X, 1s=7 TeV I HERAPDF2.0 (NNLO) anp pp —>W'+X \s=7 TeV B HERAPDF2.0 (NNLO) 6 =¥~ NNPDF3.0

I CT14 (NNLO) [ CT14 (NNLO)

|
! i
3200, 2650
IR Totol exp. uncertainty | B MMHT14 (NNLO) B ol . urcmtointy | —-MMHT14 (NNLO) r
3150, Luminasity uncertainty J NNPDF3.0 (NNLO) 2600, Luminosity uncertainty : NNPOF3.0 (NNLO) -
01 0105 011 0115 012 0125 013 0135 01 0105 041 0115 012 0125 013 0135 4_

og™O(m,) L
s *Lumiisleading EXP uncert. . F
'8. e l 8 2000;
5 28 : 5 e \-l/ W
s g C
g zauu; ‘g 0 P
@ 22508 2 0102010401060108 0.11 01120‘[1401160118 012 0122
8 ! ]
G 22001 G NLO(m )
pp — WX, s =7 TeV } B HERAPDF2.0 (NNLO) pp — WX, 18 =7 TeV I W HERAPDF2.0 (NNLO) Z
2150 o Tl exp. uncertainty | =ﬁL‘;;?:‘:;«?:Lo. 1800 B Total exp. uncertainty | = 33;.,!71“&%01 PDF as(mZ)
2100, lLummnmy uncenainty J‘ NNPDF3.0 (NNLO) Luminosity uncertainty : NNPDF30 (NNLO)
01 0105 011 0115 042 0125 013 0135 01 0105 011 0115 012 0125 013 0135
o) MO, CT14 0.117215-6013
. CMS 38pb’ (7 TeV) . CMS . 38 pb’ (7 TeV) +0 0019
-.é ol -9& i i MMHT14 0 1188 —0.0013
g o 2 | HERAPDF2.0  0.1097( 003
& 450 8 ¢
8 wor 2 8 NNPDF3.0 0.1160 £ 0.0018
(¥} = o E
A T X A
420 5 Total exp. uncertainty | S MMHT14 (NNLO) 370, S Total exp. uncertainty | - MMHT14 (NNLO)
| Luminasity uncertainty I NNPDF3.0 (NNLO) Luminosity uncertainty | NNPDF2.0 (NNL0) f— + (+ O )
0T 00s 041 oS 042 0125 013 01 0T 0d0s 01 0fs 042 0125 043 01 as 01180 - 00016 —13/0

C)‘.NNLO(FTI ) uNNLO(m )

» Future: Add past-2020 data sets + redo (partial) aN3LO PDF fit.
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o, from inclusive jet x-sections (CMS)

m Combined xFitter NNLO fit of PDF+ao._ of incl. jet d°c/dydp,.+ HERA DIS data
+ Advantages: Correlation of gluon PDF & o, accounted for.

m CMS 13 TeV [arXiv:2111.10431] HERAPDF-like analysis:

CMS 33.5th" (13 TeV)

— E T T T T | T T E
> 10¢ = Anti-k; (R =0.7) E
1ok — CT14 NNLO ® NP @ EW
¥e) . [yl < 0.5 (x10% 3
~ 102k m 0.5< |yl <1.0 (x10h -
- E a 10=<|yl <15 (x10% 3
'c|_ 105 + 1.5< |y <2.0 (x10% E
g
£ 107}
107 3
10° :
107F E
10;— » Leading exp. E
o.f uncert: JES/JER

3 g E

i . L
100 200 300

m Extraction with small (mostly fit) uncertainty:

1000 2000
Jet P, (GeV)

Ratio to NNLO CT14@NP@EW

CMS 33.5f" (13 TeV)
14} lyl < 0.5 05<|yl<1.0 1.0<|yl<15 1.5<|y|<2.0
08  Anti-k; (R=0.7) +{
[ Tot. exp. unc. -- NNLO PDF unc.
06 F + Data (statunc) {+ —NNLOscaleunc. & —H; scale E
100 200 1000 100 200 1000 100 200 1000 100 200 10'OO
Jet P, (GeV)
CMS NNLO Hessian uncenainties
tZ’_o. ‘g’:lm_ =g
-:1 = oF ets + HERA
an ol
m:
0. [
0. 20f
;!;12 gnl e meﬁmcus;.-uan

a, = 0.1166 + 0.0017 (+1.5%)

% Multiple jet spectra incorporated into upcoming full global-PDF fits.
(overall tolerance will decrease o_sensitivity?)
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o, from EEC in multijet events (ATLAS)

m Multijet energy-energy correlations available at NNLO
+ Advantages: Small exp. uncertainties (JES/JER). PDF uncertainties subleading.

* Use multi-jets transverse energy—energy correlations (TEEC) and their arxiv:2301.09351]
associated azimuthal asymmetries (ATEEC) to perform the measurement
* The TEEC function is defined as the transverse-energy-

weighted distribution of the azimuthal differences between NNLO diaarams contributing to aa —s

jet pairs in the final state

G 016 " T D& R i D@inc.jet o

—_— - ¥ g SNGL e 1

| N E.—’l EA é” — ATLAS * EH:?SDT;.'QCT = «_'xh.-:-zé‘.-r.lassr H arxi‘-.r.sﬂ.zslw-: -

| dX Ti™Tj r CMS CMSR,, CMSincl jet |

[_r dcos ¢ = E Z 2 d(cos ¢ — cos ;) 0'14__ ‘ amu;m-h;.l?saa Y oomaeriss ot ]

‘ A=1 A L _ ATLASR,, ]

0.121- TEECBTeV |

. . . L o EE reV |

Also use associated azimuthal asymmetries (ATEEC) to N aeiiriess
cancel uncertainties symmetric in cos(¢) 0.10— * TEEC13TeV ]
| dx 1 dx - -

l dz = — - 0.08— NNLO pQCD; MMHT 2014 (NNLO) 4 —
ocdcos¢ odcosé|, odcosg|, L — aym,) = 0.1175 " (TEEC Global) { i

0.06— | w(m)=0.1179 + 0.0009 (PDG 2022)

10° 10°

— +0.0035 _
o, = 0.1175 *09935 (+1.5-3.0%)

* Large theoretical improvement from NNLO
correction to gg—=> 3-jet production in pp collisions
* reduction of theoretical uncertainty by a factor of 3

(TH scale still leading uncertainty)
m RGE running of QCD coupling tested up to scales QxH_ /2= 2 TeV
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o, from Z boson hadronic decays

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

q

1 T
= R%\.ﬁrﬁ-’c(l + Z Cn (C:) + O(&-g) REIF, g 5111:_) w/z

n=1 3

» Extraction from three Z-peak pseudo-observables (LEP, SLC):
RO — Lhaa o 127 Telhaa Jg L8 BN (|v| ) = 0.1221 + 0.0027 (+2.3%)
A

I'y mz F2

5 .

M 0.0 o |
H R -‘ —
M, -1.5 <] "\ =
iy s 4.5 =, :

M, 0.3 . . Ay - —2g
Iy -0.2 -
Ohad 1.5 35 [Gfitter' 18] =
R, -1.0 A
A -0.9 3 =
A(LEP) 0.1 =
A (SLD) 2.1 25 D=
smz@:’m(GFa) -0.7 2 ' _.':'
sin@ M (Tevt.) 0.1 =
A%S 0.8 1.5 Pl
A% 2.4 E

A, 0.0 1 Y 2 ELY
A, 0.6 7 =
R? 0.0 0.5 . . . =
Rc -0.7 '“”;. 1 1 1 | 1 1 1 e J ~:-" '-’1.’ L --P“' 1 1 1 [

- m, | 0.5 8.11 0.115 0.12 0.125 0.13
B b og(M2)
gl o, (M,) = 0.1203  0.0028 (+2.3%)

(Oﬁt — O eae) / Cmeas
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QCD coupling at e*e- (FCC-ee)

m EW boson pseudoobservables known at N3LO in pQCD:

e The W and 7 hadronic widths :

%% (Q) = Tw.z (1 + Z (asf}) + O(aF) + Sy + Omix + 6np)

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

2% (Q) ag(Q) 5 _ e i
Rw.z(Q) = 1ep @) W (HZ *(Q)( )*O(“S)”ml”aﬂp) Note: Sensitivity to os(m;) via

O(4%) higher-order corrs.

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

haa _ 127 Tglgd
F =
Z mz, (F‘tot )2

[arXiv:2005.04545]

B FCC-ee will reach 0.1% precision on as(mz) (x20 better than LEP)

— Huge Z pole stats. (x10° LEP): =S

. 4r

— Exquisite syst./parametric precision: .

ARy = 1073, Rz = 20.7500 +0.0010 3

ALY = 0.1 MeV, TPt = 24952 + 0.1 MeV 2.5
Agbad = 4.0 pb, a%ﬂd = 41494+4pb 2/ s

Amz = 0.1 MeV, my = 91.18760 + 0.00001 GeV
Aa = 3-10-5,  Aal” (mz) = 0.0275300 + 0.0000009

— TH uncertainty needs to be reduced by x4 I X E T o

from missing o.°, o?, ao 0020’0 terms ag(m,)
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https://arxiv.org/abs/2005.04545

QCD coupling at e*e- (FCC-ee)

m EW boson pseudoobservables known at N3LO in pQCD:

e The W and 7 hadronic widths :

i q
ME%@Q) =Tw.z (1 + Z (asf}) + O(a%) + 8,y + Smix + 6np) w
e The ratio of W, Z hadronic-to-leptonic widths : q
7%(Q) S(Q)) 5 : e :
Rw.2(Q) = lep @) W (1 +Z ‘(Q)( TO@8) T omx o | Note: Sensitivity to os(m;) via

O(4%) higher-order corrs.

[arXiv:2005.04545]

B FCC-ee will reach 0.2% precision on as(mw) (x300 better than LEP):

— 4 - .
Huge W pole stats. (x10* LEP-2). Y Combined |
— Exquisite syst./parametric precision: r,, R, fit
et = 2088.0 + 1.2 MeV === RuI¥ FOC-e2 (160 GoV)
|:| World average [PDG 2019]

Rw = 2.08000 = 0.00008
mw = 80.3800+0.0005 GeV

IVes| = 0.973594+0.00010 — O(10%2) D mesons E —————— o
0.5
— TH uncertainty needs to be reduced by x10 e e M
0916 0.117 0.118 0.119 0.12 0.121 0122

from missing o.°, o, o°, a0 %00 2,070 terms otg(m))
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Summary: QCD coupling o._

m Forecast ::
precision %o.sﬂ
at future £ **|

0.2
facilities: |
ro,"'

m Lattice-QCD:

Inclusive DIS

— Step-scaling & decoupling &E‘N 0.122
are state-of-the-art techniques. 2 0
— Stat. gncert.a(computing power)? n 01
reducible by ~1/2 every 10 yrs 8 0.116
— pQCD observables needed at 3 0.114
higher accuracy: o, £ o

— Syst. uncerts. will start playing role:
QED, m,q, dynamical charm mass,...

alpha_s round table, QCD@LHC, Sept’'26

0.11

0.108

33/13

Z hadronic decays
I W hadronic decays

+ jets

| Deuteron + spin-dep. SF
Im Bjorken sum rule + PDFs
EEE T hadronic decays
p Il Event shapes and jet rates

N 3 [ \
P European Strategy;
A\ articl Sl .‘

arXiv:2511.03883 [hep-ex] &

HPQCD FLAG ALPHA

N\

+0.69 £0-5%

H|IH‘H\H\\H\

+0.7%

+0.1%"

9

+2.5%

year

\ \ | | | \ \ \ \
000 2005 2010 2015 2020 2025 2030 2035 2040 2045
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https://inspirehep.net/literature/3070637

o_ from energy correlations inside jets (CMS)

m 3-,2-particle jet substructure energy correlators (NLO, not in PDG)

(E3C and E2C) as a function of ang. separation (x.) known at NLO+NNLL.
Advantages: Insensitive to PDFs. Uncorrelated with other extractions

CME Fralminay 3E3 13 Tel)
L ] ) I " [ i ] SMP-22-
5‘1: 97 < p! < 270 Gav 2 2 o) < A0 ey 0 <y < A G 258 < &) < E38 e M
EF - +1 ..,"'. f.‘.
E-1 ] _..'_ +1|."' 1 - | ]

PAR DAR, ., A _iuuz: ’ ' T ) i ) ]

S o & : ] 4y Unfolded
: } y : ! AR H -

| e . @ % Font ] "l E3c/E2C
: i ‘\:‘-‘.,: é ; M!']“".‘:.: f}é‘::: m-:plv:“{"-'f-; B o p! 0100 -: 100 < pl < 1410 14l
: @ : po alrg - 1

' 1 £'3 - :
Quark/Gluon icnnfinmmnli Hadron o _ 1
] . Larger point means Hadron é“"-
higher enengy E 1ﬂ
5 osr N
CMS . 36.3 fb" (1.:? TeV)
o6k Data  — NNy NP F omy) 1.02
N j F ---0.136 13
> - g 7 m,u{:f 97-220 GeV F 0100 . %
In QFT atLL, E3C/E2Cs ; | e e ey e £ [ay(my) = 0.1229%09%40 (< 4.1 % rel)
linear function of as: R 1 s I
1.4 i e
ﬂ/__ x ag@)n x, + O@?) " PRL133 (2024) 071903,
arXiv:2402.13864
1.2}

m New & most precise o_ extraction from jét substructure so far.
Does E3C/E2C « o_ hold at N"LL? NNLO theory soon?
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