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Precision QCD at future facilities

Facility, Colliding Timeline| Precision
Experiments systems, QCD
C.M.S. energy
HL-LHC: pp 14 TeV > 2035 o (m3), o (0%),
ALICE 3, AA 5.5TeV (ALICE3, my, my,
LHCbU2)
ATLAS & CMSpll, pA 8.8 TeV

LHCb U2, LHCspin

HL-LHC: LHC collisions, > 2031
FPF neutrino-nucleon
SPS: PA, AA, > 2030
NAG60+, NA61 6-17 GeV (NA60+)
FAIR SIS-100: PA, AA, > 2028
CBM 2.5-5GeV
MUonE H(160 GeV)-e > 2030 £-2 (hadronic)
HIE-ISOLDE Radioactive ion > 2029
upgrades beams
KEK: Belle Il upg. ee 10 GeV > 2035 a,i(m%)
STCF ee 2-7 GeV > 2033 o, (m2)
EIC ep, cA > 2036 o, (m7), o (0%)
28-140 GeV
LHeC ep, eA 1.2 TeV > 2043 o, (m3), o, (0%)
FCC =
ee 90-365 GeV > 2047 o, (m2), a,(0?),
pp 85 TeV > 2074 my, I, myy
AA 33.5 TeV
pA 53.4 TeV
LCF ee 0.25-1 TeV > 2050 o, (m2), o, (Q),
CLIC ee 0.38-1.5TeV mmy, Ty, my
LEP3 ee 91-230 GeV > 2047 o, (m2)
fp 3-10 TeV > 2050 o, (m2), o, (0%)

Muon Collider

A/13

Plus recent community docs:
s(2024), QCD at Belle-ll, latt-QCD,...

m Precision benchmarks:

1) as(m) & its Q? dependence
2) QCD & precision top mass (Miep)
3) QCD & precision W mass (mw)

m QCD & Higgs physics

m Theory calculations wish-list:
PQCD, latt-QCD,
MC parton-showers

D. d'Enterria (CERN)



The strong coupling a_

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(QZIAZ)‘1 A=x0.2 GeV
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» 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:

g -t th 'holld-nl'lfs 71.5 GeV FWZ?
Process O (pb) day(%) PDF +a,(%) Scale(%) ?1'4 . —(t}or:sarjnreshm; :riu_o —FCC-ee 350 LS only 1
geH  49.87 +3.7 6.2 +7.4 =261 +0.32 5 2 e*e - tthar ~FGC-e0 350 LS+iSR.
w - ]
ttH 0611 +3.0 89 93 +59 2 f .
g 08 :_ *us'yt —
[ £ 7 ]
Partial width intr. QCD para. mg para. Qs 0.6F _'
H — bb ~ 0.2% 1.4% 0.4% 04l N E
" H > e ~ 0.2% 1.0% 0.4% ook Am,,, ~¥30 MeV E
- H — gg ~ 3% < 0.2% 3.7% e [arXiv:2203.06520] 1
0 340 345 350
Vs [GeV]
m Impacts physics approaching Planck scale: EW vacuum stability, GUT:
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ROE seale s B arkiv:1112.3022] Q [GeV] [hep-ph/0410364]
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o, determination (today)

m Current precision: Ao = +0.8%

From combination of 7 experimental observables
compared to N%3LO pQCD predictions:

035 T T . '&“ril;allﬂLD}'
. 1 decay et
; '(l)rdecays low Q2 cont. (N3LO) :
03 [ ™y (2) QQ Heavy Quarkonia (NNLO) ++— 7]
; HERA jets (NNLO) —+— |
0.25 Ay e’e” jets/shapes (NNLO+NLLA) = ]
=l \ (3) lattice e*e Z pole fit (N3LO) +e—
a : PP/pP jets (NLO) ==
S o02f N=~~. (4) DIS, PDFs pp top (NNLO) e -
& . NG e pp TEEC (NNLO) -
015 e [(5) e*e jets & evt shapes ]
M i3 ~._(6) Z decays -
- E 7) pp-ttbar,jets
s Rl . ]
L 1"'---._._._.
F = o,(mz2) =0.1180 + 0.0009 m‘%
U.U5 z A et a2 a1 A A PR T | " a MR R | :
1 10 100 1000
August 2023

Q [GeV]

m Running coupling probed at the LHC upto Q ~ 5 TeV
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o, future (our community report)

m Expected improvements:
“The strong coupling constant: state of the art and the decade ahead”, JPG 51 (2024) 090501

Relative a:s(m3) uncertainty

Method Current

theory & exp. uncertainties sources

Near (long-term) future

theory & experimental progress

0.7%
Finite lattice spacing & stats.
NZ3LO pQCD truncation

(1) Lattice

=~ 0.3% (0.1%)
Reduced latt. spacing. Add more observables
Add N34LO, active charm (QED effects)

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

1.6%
N3LO CIPT vs. FOPT diffs.

Limited 7 spectral data

(2) T decays

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

Improved 7 spectral functions at Belle TI

3.3%
NZ3LO pQCD truncation

Me,p uncertainties

(3) QQ bound states

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

Combined mc, + ag fits

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

(4) DIS & PDF fits

~= 1% (0.2%)
N2LO fits. Add new SF fits: FP?, g; (EIC)
Better corr. matrices. More PDF data (LHeC/FCC-eh)

2.6%
NNLO+N:23) 1T, truncation
Different NP analytical & PS corrs.
Limited datasets w/ old detectors

(5) eTe™ jets & evt shapes

= 1.5% (< 1%)
Add N%2LO+N3LL, power corrections
Improved NP corrs. via: NNLL PS, grooming
New improved data at B factories (FCC-ee)

2.3%
N3LO truncation
Small LEP+SLD datasets

(6) Electroweak fits

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

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

(7) Hadron colliders

~ 1.5%
N3LO+NNLL (for color-singlets), improved PDFs
Add more datasets: Z pr, p-p jets, o:/c; ratios,...

World average 0.8%

~ 0.4% (0.1%)

m Precision at HL-LHC time: +0.4%. At LHeC (incl. DIS+jets): +0.15%
m Precision after FCC-ee: +£0.1% (Z,W - hadrons pseudoobserv.)
m Running coupling probed up to Q ~ 40 TeV (FCC-hh)
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https://arxiv.org/abs/2203.08271

QCD coupling at EIC, Belle-ll, STCF, LHeC

m o_extractions at LHeC:

m o_extractions at EIC/JLab-22GeV:
+1% from inclusive DIS +0.2% from inclusive DIS fits

+0.6% from new observables +0.15% from incl. DIS + jets
(deuteron & spin-dependent SFs): A M A I

] =2 B E= World average [ppG2s]
+0.6% from Bjorken SR & pol. PDFs. vt $ LHC and HERA dijets Lo, 2029

0.20

{ e*e jets/shapes [NNLOres]
¥ EW fit [PoG24]

m o_extractions at Belle-Il (Upgrade):

(50 billion tau pairs in 50 ab™):
Improved tau spectral functions
<1% (stat.) from hadronic tau decays. 0.10 |Future projections

| & LHeC inclusive jets
| LHeC us{mz) (DIS and jets)

0.15

Also possible (but not quantified): | 4 FCCeo (zole) 4
a, from R(s) ratio over vs=1-10 GeV z  F iILHeCi;tstr:mi;w;n;“j'l Eﬂgg;,:z;;tg;_:iy‘ﬂ{;;'ﬂﬂ IR
o from event shapes, EECs, FFs S qot pLItomanens | Foseei) 0 izveom  —EWH =

s 1 1 " D = =

o - .

5 102 <

m o_extraction at STCF: € 4o L ]
10 100 1000 10000

<1% (stat.) from hadronic tau decays M, [GeV]

Running Q = 5-500 GeV (jets)
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QCD coupling at e*e- (LC)

m EW boson pseudoobservables known at N3LO in pQCD:

e The W and 7 hadronic widths :

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

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

1%(Q) as(Q) .
leP (@ W (1 +Z A ( ) +O(a%)+5m”‘+6“p) Note: Sensitivity to as(m;) via

O(4%) higher-order corrs.

Rw,z(Q) =

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

haa _ 127 Tglpad

o7 mz (Ftot}z arXiv:1512.05194 [hep-ph]

B LC (Giga-Z) will reach 0.6% precision on as(mz) (x4 better than LEP):
— Assume Z-pole stats.: 10° bosons

5

% E [ fter:

— Other uncertainties (syst., parametric) Tast
. . QR 20

not considered (but subleading): asE N e repess ‘°N3 ‘j:;;;;::f"“““ E

3f- \ =

o (m ) = 0.1200 £ 0.0007 25 =

2 —i

— Also from t hadronic decays, 15E =
. Ll e e e, T e o o o EEREEETSY SEPEETPEEPECTE T E — 1o

evt. shapes, jet rates: <1% 0sE E

— However LC claim is that o should be taken T 0.118 : 0.1"2 0122 0124 04126

from Roman Kogler aS(Mz)
from latt-QCD (+0.1% preC|S|on) instead
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https://inspirehep.net/literature/1409920

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,)
alpha_s(2025), Aussois, Dec’25 9/13 D. d'Enterria (CERN)
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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 :

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
1 %(Q) S(Q)) 5 : o :
Rw.z(@Q) = lep @) W (1 +Z ‘(Q)( T O@s) +omix Tw | Note: Sensitivity to as(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

eQj 5 2 3 2 2 ~2
from missing o.°, o, o°, a0 %00 2,070 terms otg(m))

alpha_s(2025), Aussois, Dec’25 10/13 D. d'Enterria (CERN)


https://arxiv.org/abs/2005.04545

QCD coupling a_at FCC-ee,hh & LEP3

m o_extractions at FCC-ee: B - | E— .
+0.1% from Z pseudoobservables = | et — Ao oy
+0.2% from W hadronic decays B Z-qq W
<«1% from tau hadronic decays 15 | W-qq
<1% from evt. shapes & jetrates .. '~ || ./ | .. W -

ofig = ols oz oizs 02 oﬁia”‘aa‘ﬁ”'.’1“8‘“‘5.‘1‘1“9““‘a.‘fz“““631“2‘1;‘(‘2_‘1)22

sV Z

m oo extractions at LEP3:

Same physics measurements as FCC-ee modulo smaller samples (x4 less Z)
& worse syst. (e.g. beam energy calibration/spread) uncertainties.

+0.2% (stat) from Z pseudoobservables
+0.9% (stat) from W hadronic decays
<1% from tau hadr. decays, evt. shapes & jet rates

2T T 1 T 7
. r 100 TeV =
m o_extractions at FCC-hh: [ om0 prma). Injl<2 Al New BsM
. . ; T 4 coloured
Test o running (asymptotic freedom) sectors?
with multi-TeV jets up to Q ~ 50 TeV | Sheded area: sa/c (k)
-0

A — _:—:-
[ Solid: 1—aZ(SM)/aZ(SM+5 4rev)

- Dashes: 1—a2(SM)/a2{(SM+8 prey)
PP PRI RN NI R B
) 5 10 15 20 25
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Summary: QCD coupling o._

Z hadronic decays

I W hadronic decays
Inclusive DIS + jets

| Deuteron + spin-dep. SF

Im Bjorken sum rule + PDFs

EEE T hadronic decays

Il Event shapes and jet rates

m Forecast
precision =
£
at future &
facilities:
*
m Lattice-QCD: 0.124
— Step-scaling & decoupling g 0122
are state-of-the-art techniques. P 02
— Stat. gncert.a(computing power)? n 01
reducible by ~1/2 every 10 yrs 8 0.116
— pQCD observables needed at g 0.114
higher accuracy: o E 0.112
— Syst. uncerts. will start playing role: 0.11
QED, myq, dynamical charm mass,...  o.10g
alpha_s(2025), Aussois, Dec’25 12/13
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Theory calculations “wish list”

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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Backup slides
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QCD coupling a_at FCC-ee/[FCC-hh/MuCall

m o, measurements at FCC-ee: B e I e £ 2
+0.1% from Z pseudoobservables ~ + | B — o reces oo
+0.2% from W hadronic decays il B e
<1% from tau hadronic decays 1SN : |
<1% from evt. shapes & jet rates N | /] v r -

s Cotis ae 0122 o1 091&;0.117'.’185.1195.120.121%(%;)22
O T T T ]
m o_measurements at FCC-hh: 100 Tev m{
S - 0=0(pr"™>Prmin). Injl<2.5 |
0.1~ it New BSM
_ _ [ - iy coloured
Test a_ running (asymptotic freedom) o sectors
with multi-TeV jets up to Q ~ 50 TeV | tmerial705™ 4|
U Sotia: 1-aZ(SM)/02(MFure)

[arXiv:1607.01831]

i Dashles: 1-a§I(SM)/a§(ISM+§mv)I
5 10 15 20 25

Pr.min (TeV)

m a_measurements at MuColl:

Running up to Q~10TeV (EECS)
Measurements of neutrino SFs at a far-forward detector.
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