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Precision QCD at future facilities

m Input received: O(20) future projects

Facility, Colliding Timeline| Precision
Experiments systems, QCD
C.IM.S. energy
HL-LHC: pp 14 TeV > 2035 o, (m2), a, (Q%),
ALICE 3, AA 55TeV (ALICE 3, my, My
LLLLLL )
ATLAS & CMS plIl, PA 8.8 TeV

LHCb U2, LHCspin

HL-LHC: LHC collisions, > 2031
FPF neutrino-nucleon
SPS: PA, AA, > 2030
NA60+, NA61 6-17 GeV (NA60+)
FAIR SIS-100: PA, AA, > 2028
CBM 2.5-5GeV
MUonE (160 GeV)-e > 2030 £-2 (hadronic)
HIE-ISOLDE Radioactive ion > 2029
upgrades beams
KEK: Belle II upg. ee 10 GeV > 2035 as(m%)
STCF ee 2-7 GeV > 2033 o, (m2)
EIC ep, eA > 2036 o, (m2), e, (Q%)
28-140 GeV
LHeC ep,eA 1.2 TeV > 2043 o, (m2), e, (Q%)
FCC ee 90-365 GeV > 2047 o, (m2), a (9%,
pp 85 TeV > 2074 my, Ty, my,
AA 33.5 TeV
PA 53.4 TeV
LCF ee 0.25-1TeV > 2050 a (m2), a (0%),
CLIC ee 0.38-1.5 TeV my, Ty, iy
LEP3 ee 91-230 GeV > 2047 a, (m2)
Muon Collider uu 3-10 TeV > 2050 o (m2), o (0%)

Plus recent community docs:
5(2024), QCD at Belle-lI, latt-QCD,...
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m Precision benchmarks:

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

m QCD & Higgs physics

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

0.35 . .
0.124- i [ d N3LO)
PDG world average g veeta
- 9 N 2024 low Q2 cont. (NLO)
Q o0.122 7
o — g 03r Heavy Quarkonia (NNLO) —+
® 1o [ HERA jets (NNLO) ++
i 2 i e'e ]ets/shapes (NNLO+NLLA)
q>, 0.1181% /\ N\ ) : 0.23 I e*e” 20 pole fit (N3LO) +e—
© - / N~/ i pp/op jets (NLO) +=-
&N 01161 027 pp top (NNLO) e~
= = / : pp TEEC (NNLO)
~ 0114 -
73 i /" 015 f
3 0.112 [ Bl
G o.11- V/ Gk T g
Q : - Uncert.~0.8% b A
Q. 0.108 005 N | Ll PR
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006 T L L L g ] e Q[GeV]
1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022 2024 2026 2028
Eak o(mz?) = 0.1180 + 0.0009

» Least precisely known of all interaction couplings !
Aox10"Y < AG ~10"< AGx10* < Ao _~0.8%

ESPP Venice, June’'25 3/29 S. Moch / D. d’Enterria



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) da.(%) PDF+a.(%) Scale(%) ?1'4 - —(t}or:sarjhresholc::r:lsm_o —FCC-ee 350 LS only -
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 £30 189 93 +59 2 f .
g 0.8 :_ *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:
0.10 T T T T T T T T T T T T T T T T : T r r r :
iy | eof
o L M,=173.1+ 0.7 GeV B
% 0.06 |- @. (M) = 0.1184 + 0.0007 50 i i AOCS:il%
2 oo4| 40 |- -
€ oozf a6 e ] O running
% g ool 1 athigh Q:
ool ol _ (MSUGRA) ] New coloured
M, = 1753 GeV o ] sectors?
—0.04 ; : : : . : : : : . . : : : ; ] | 1 | 1 | 1
102 10* 10* 10% 10 10'? 10" 10' 10'8 10% 01 02 106 1010 1014
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 ~ 2 TeV

ESPP Venice, June’'25 5/29 S. Moch / D. d’Enterria



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

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

| & LHeC inclusive jets

) = B = World average [ppG24] 7]

i0-6% from Bjorken SR & pOI. PDFS. Cﬁw 0.20 ¢ LHC and HERA dijets [NNLO, 2025 __

) { e*e jets/shapes [NNLOres] .

. B ” I I U ] ¥ EW fit [PoG24] i

m o_extractions at Belle-II (Upg): ]

0.15

| LHeC us{mz) (DIS and jets)

Also possible: [ i FCCee (zpole) 4+
a, from R(s) ratio over Vvs=1-10 GeV z E i'LHeCi;ts(;mj;m;n;'i‘ E‘SH‘Z%’Q”ISA%?‘L"’_?i;{;,;.'m A g
a, from event shapes (EECs) & FFs. g ot pleeent | FoCeeal 0o BN
s - -

5 102 =

m o_extraction at STCF: € 100 [ 4
10 100 1000 10000

u_[GeV]

<1% (stat.) from hadronic tau decays A
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)
R s (Q) e R (1+ z(Q)( ) +O(ﬂfs)+6mix+6n P e
e “3 NI G y */ Note: Sensitivity to os(my)
e In the Z boson case, the hadronic cross section at the resonance peak in ete™: Via 0(4%) Virtual corrs.

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 :

72(Q) as(Q) 5 . e
Rw,z(Q) = 1ep @) W (1+Z z(Q)( )”3(“5“ 5“*”@) Note: Sensitivity to os(mz)

via O(4%) virtual 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 002 0’0 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 :

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

W q

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

1%(Q) as(Q) .
Rz (@)= leP Q) = Rz (1 +Z ‘(Q)( ) +@(ag)+6m”‘+5“p) Note: Sensitivity to os(m;)
via O(4%) virtual 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))
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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._

1.0
1 ForecaSt 0.8 £0.8% Z hadronic decays
- 'é? I W hadronic decays
precision =, B+ o B Inclusive DIS + jets
NEN Deuteron + spin-dep. SF
< 0.41 +0.15% I Bjorken sum rule + PDFs
atfuture — £* 0,15 o et
facilities: - & o
) ao-& ‘ o‘
Vv > e
Qo"wo Q&V d <
m Lattice-QCD: 0.124-
— Step-scaling & decoupling g0
are state-of-the-art techniques. Z%'" 0.12-
— Stat. uncert.x(computing power)? o 0118 ——FEggr e EEEEE=—————
reducible by ~1/2 every 10 yrs 8 0.116 b 1?5% _____________________ +0.1%7?
— pQCD observables needed at g 0.114 i
higher accuracy: o, "Eu 0.112 |
— |
— Syst. uncerts. start playing a role: 0.11 |
|

QED’ dynamlcal Charm maSS’ 0'10%000 20‘05 20‘10 20|15 20|20 20|25 20‘30 20‘35 20‘40 20L1-5

year
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QCD & top quark mass

m Top mass is a key SM parameter, strongly intertwined with QCD:

0107

178

0.08 I M, =125 GeV
r 30 bands in

M, =173.1+0.7 GeV
176

Meta-stability

S 006/ @,(My) = 0.1184 + 0.0007

(=14}

2 i

S 004y 174+

8 =

8 h =

£ 002 ol

= . - ]

&n i h . T~ M, =1710GeV

8 000 =22 dGey

e [ : 3 170f
—-0.02 - : 9‘(M£): 01163 > Absolute stability

M, = 1753 GeV Tech

—004f ‘

mi™ [GeV]

0.118

olmnz)

0.112 0.114 0.116

102 10* 10° 10* 10 10'® 10'* 10' 10'® 10
RGE scale y in GeV

m p-p collisions (HL-LHC projections):

0.120

0.122

176

1744

1724

ATLAS4+CMS Projection

4 Instability
s

I
I
I
I
| |
1 Metastability :
I
I
I
I
I
I

C270 mP from 8 TeV

' 1 mP"™ from 13 Tev
1 3ab~! without profiling
1 3ab! with profiling

Phys. Rev. Lett. 115 201802

| Stability

T T T
125.2 125.4 125.6

my [GeV]

T T
124.8 125.0

— Myp(pole) from ttbar+jet x-sections: Amy,, ~ £200 MeV
— Miwp(MC) from boosted tops: Ami,, ~ 400 MeV (theoretical interpretation?)

ATLAS+CMS combined uncertainty on the top-quark pole mass [ MeV ]

Scenario Stat2ab~ " S2at2ab - Slat3ab - S2at3ab -
tt+et with profiling 400 250 400 200
tt+jet without profiling 1200 600 1200 600

m Note: HL-LHC/FCC-hh cannot improve my, beyond Aqgco ~ 200 MeV
(e*e- machine at Vs ~ 345 GeV needed to measure it at few-MeV level).
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QCD & top quark mass in e'e~: FCC-ee

m e*e collisions from threshold scan around vs = 340-345 GeV (FCC-ee):
Miwop Precision: Amy, ~ =7 MeV (exp.), thanks to very good Vs control:

Projection (410 fb™") Preliminary
o 2 A T T Y T ] o T ™ T
£ ool iiEt DUV |1 ® QQbar_Threshald N3LO+ISR
c el Tifstat) = 11 MeV = 1.041 o [JHEP 02 (2018) 125] |
g | 8 o # ; + FCC-ee BES Assumed
) @ .
b B . ] w 5
@ 101 = NG g parametric
2 e B .
5 | | & = uncertainty:
3100_..__.._ ________ R BT oAU NURRIEIREET A S R T ﬂ ."; “\-,_
o o \ e
= o 1.00 “\ ek Aas ~ O 1%
= 8 © QQbar_Threshold N’LO+ISR | = » -
2 0.99 . [WHEP 02 (2018) 125) { = Amtop ~ 12 Mev
= +FCC9BES | =  [=s=meemeeee_.
. BT 0.98
0.98} —— Fitted cross section = 2
Parametric uncertainty (stat) - ki I [2503.18713 [hep-ph]]
Pseudodata cross section = a5+0.0002 |
il Reference cross section 0.96 — [+ 50 MeV
' { Pseudodata (stat) — my + 30 MeV
S L L | | L | | L | ] | | | 1 1
340 341 342 343 344 345 346 347 340 341 342 343 344 345 346 347
Vs [GeV] v's [GeV]

AMiop, = £35 MeV from
N3LO scale uncerts.

PNRQCD predictions known to N3LO (also including EW+non-resonant effects @ NNLO)

k
o
R sy Z (75) { 1 (LO) ;gs,v(NLoz;af,asv, v2 (NNLO); o2, v, asv?, v’ (N3LO); . . }
k W v Bl Bl
[Beneke, Kiyo, Marquard, Penin, Piclum, Steinhauser 15]
S. Moch / D. d'Enterria

m QCD theory for o(e*e - tthar) vs. Vs at threshold:
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https://arxiv.org/abs/2503.18713

QCD & top quark mass in e'e: LC

m e*e colls. from threshold scan over Vs = 340-350 GeV (CLIC rescaled):
Miop Precision: Ami, ~ =10 MeV (exp.)

—0.7 T T T T February 2019
..Q . | l | IE! 40 = T psl T T T T T 7
=" [ fi threshold - QQbar_Threshold NNNLO o L m>171.5 GeV, ILC TDR g
B i - —do/dm, [A =20 MeV] —do/dy [A=0.1] ]
—0.6 - ISR + CLIC LS Nominal - " / ! E
BT default - mPS 1715 GeV, T, 1.37 GeV % 30 do/dr,[A=40 MeV] - Aoy, for 20 b ] Assumed
|T E m, variations = 0.2 GeV u— C —do/da, [A = 0.0006] - =250 .. 350 Ge\{ e parametﬂc
+CI> 0.5 :_ —— T, variations = 0.15 GeV % 20 :_ —: .
) 3 f 1 uncertainty:
©0.4 S 10F =

A0 ~ 0.1%

03¢ 0 1AM~ 2 MeV
e I simulated data points B -
0.2 ; TOOEA -10 - 'éf"f'i'éi'éncie,gg and signal yields
= = from EPJ 0?3...,2'5?.{3“.;2013) E

01E 20 |- sensitvityto: ... [JHEP 11 (2019)003]
C LICd p 7 E xii.ldllctﬁwa coupling E
| | ! | L | ! | i i | i § _30 =1 I I I L | L mass, I | L
340 345 350 340 345 350

/s [GeV] /s [GeV]

m QCD theory for o(e*e - ttbar) vs. Vs at threshold: ~ AMwp & £35 MeV from
N3LO scale uncerts.

PNRQCD predictions known to N3LO (also including EW+non-resonant effects @ NNLO)
k
Ry .y, (%) { 1(LO) ; as,v(NLO); o, av,v* (NNLO); a3, av, asv”, v> (N3LO); . .. }
k 1% N — - - s N -~ FE -~ v

[Beneke, Kiyo, Marquard, Penin, Piclum, Steinhauser 15]
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Summary: QCD & top quark mass

m Forecast myp precision at future facilities:

QCD t_heory B FCC-ee, LC:
W experiment Amip = £7 MeV (exp.)
Amy, ~ £10 MeV (exp.)

BUT Amtop ~ i35 MeV
from NRQCD uncertainties:
Significant (N“LO) progress
needed!

FCC-ee

LC

B HL-LHC & FCC-pp:
At best:

Amtop ~ AQCD ~ +200 MeV

HL-LHC

5 10 " 30 100 200 400
Am¢ [MeV]

m NoO high-precision my, possible without parallel QCD theory progress!
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QCD & W boson mass: LH(e)C vs. e'e-

m LHC: my from pr%, m¢* (low PU) distribs: m HL-LHC+LHeC:
Best current LHC precision: Amy ~ +10 MeV Reduced PDFs+as uncerts:
QCD uncertainties (PDFs & low p): Amw =~ +5 MeV Expected precision:
Expected HL-LHC: Amy ~+4 MeV (QCD: +3 MeV) Amw ~ £3MeV (QCD: +1 MeV)
m e*e collisions (FCC-ee, LEP3): g 12 FoCes Wpar thisshod
. — L —mwfao.ass G:V r‘w:\zf.ogs Eize‘\f w
mw from oww(¥s) scan in ¢v decays S 1o imrmsosas oov, remtonsoms oo
Expected precision: o
FCC-ee: Amw =~ £0.4 MeV (exp) :
LEP3: Amw =~ +1.2 MeV (exp) B rw
. . pu . . 4=
m But, significant cww(Vs) theory uncertainties
2_ .
Amy ~ 3-5 MeV from missing higher EW — - [arxiv:2107.04444]
& EW®QCD corrections in EFT: D
Vs (GeV)

. do'ww -1
| 7 Amw(T) = ( dmw ) Aoww(T)
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QCD & W boson mass: LH(e)C vs. e*e”

m LHC: my from pr¢, m:¢ (low PU) distribs: m HL-LHC+LHeC:
Best current LHC precision: Amy ~ +10 MeV Reduced PDFs+as uncerts:
QCD uncertainties (PDFs & low pr): Amw ~ +5 MeV Expected precision:
Expected HL-LHC: Amy ~+4 MeV (QCD: +3 MeV) Amy ~ +3MeV (QCD: +1 MeV)

.« . G. Wil 'stalk @ CERN FC kshop 2022
m e*e collisions (FCC-ee, LEP3, LC): & isonsta workenop 2022
mw from +/s-constrained kinematic fit

of Min(jj+¢v), M (ji+ii) at all /s runs « s 1 4&1 !
Expected precision: " P
FCC-ee: Amw ~ +0.25 MeV (exp) - % .

LC: Amw ~ +0.9 MeV (exp) ?
LEP3: Amw =~ £0.9 MeV (exp)

semi-leptonic qglv, fully hadronic qgqqq

oo™ > WHW = udAT, e*e” > WHW = udEs,
68,8, = 43.9% B2 = 45.4%
m Significant hadronization uncertainties:
— In boosted m,(jj+¢v) at LC: Amy ~ +0.9 MeV

(much less hadroniz. uncert. in e*e" > WW at rest)

A R AR LR R AR AR LR

— In all m(jj+jj) analyses: Amy ~ +1 MeV T,
(FCC-ee, LC, LEP3) due to Color Reconnection: = = ‘owed

My shift due to CR effect, modelled using the SKI scenario
ESPP Venice, June’'25 17/29 S. Moch / D. d'Enterria




Colour reconnection from my In e*e-

m Colour reconnection among partons is source of uncertainty inm,,in
multijet final states (also mwpinv. mass, aGC extractions):
m CR “string drag” impacts e*e - WW(4j) final state
(also e*e - tthar, e*e - ZZ(4)), H-4j,...): @
— Shifted masses & angular correlations (CP studies).
— Combined LEP efe'— WW(4)) data best described
with 49% CR, 2.2c0 away from no-CR.

m Exploit 10° W stats at FCC-ee to measure O%
m,, leptonically & hadronically and constrain CR: NG

® kinematics

“Recent” PyYTHIA option: QCD-inspired CR (QCDCR) (1505.01681):

10000

. . . : . . - 240 GeV
Ordinary string reconnection Double junction reconnection s0oof e

q g ] q i i BOUOE
— ‘ — X =
q i q o i 7000:
(qa: 1/9, gg: 1/8, model: 1/9) (qq: 1/3, gg: 10/64 model 2/9) so00F
5000 F
Triple junction reconnection Zipping reconnection | 4000

3000F

3M,, =
Triple-junction also in 2000
—O’HIIIIIIIIIHIHIE,HIHG‘IIBIIIO
-—@—» > HERWIG cluster ' T M GeV)
model. (1710.10906)
My shift due to CR effect, modelled using the SKI scenario
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Summary: QCD & W boson mass

m Forecast my precision
at future facilities:

m oww(VS) scan in ¢v decays
FCC-ee: Amw ~ +0.4 MeV

FCC-ee(2) LEP3: Amw ~ +1.2 MeV
B (1) ole e W W) Theory uncerts. (incl. mixed
FCC-ee(1) threshold scan EWXQCD): Amy = 3-5 MeV
(2) Constrained my fit
LEP3(2)] m Constrained mi, fit:
LEP3(1)- aC theo FCC-ee: Amy = £0.25 MeV
- experime;‘t' II:(E:P gmAW ~ io.90|\gel\\/l/i\1/ MeV
L) : Amy =~ 0.9 Me
LHeC+HL-LHC ey QCD (hadronization) uncerts.
important for LC (boosted W)
L o & min(jj+jj) color reconnect.
4 | & HL-LHC+LHeC:
Amy ~ +3 MeV

° ? Ay [MeV] ° (+1 MeV from PDFs)

m Different high-precision my extractions require parallel QCD progress.
m My measurements help us understand non-pQCD: Color reconnection
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Higgs boson & QCD

m Do the lightest quarks (u,d,s) acquire their masses through
their Higgs (Yukawa) couplings?

;""\ T T T T T T T
< eP [ arias and cms . td
o £ F LHCRun 1 Preliminary '_g'ﬁ E
c o 1071; — Observed ,f" W]
— Eu.|> Spp— SM Higgs boson pe 3
£ pe
(@ . »~
= 102 't E
o E T
(&) F * b
1073 = w " —
"ﬂo Bl il T
10" 1 10 10?
Particle mass [GeV]
mass(GeV) g

®m Does BSM impact (loop-induced) H-gg ? -— -

c bd s

m Does the Higgs boson mediate _ _ _"f__ B(SM)~ 10 — — _Ii_ B(SM)~ 10751
FCNCs at tree level? H - qq’

£l

sbd
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Higgs boson & QCD at e*e™ colliders

m 80% of the Higgs decays are fully hadronic! i e

’ ,H/ '

b ! g c

W,Z
H H q' H H
- - e e . e - — -
) W,Z
b g' g c
B=57.7% B=11% B=8.6% B=2.9%

H H H <
_—— - —_ — ——— _—— i —
B=0.024% B=6.10" B=1.4-10"7
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Higgs boson & QCD at e*e™ colliders

m 80% of the Higgs decays are fully hadronic! =

Only hadronic decay
channel observed to date! -
b q
W.Z
H H q' H H
-— - R - — - g - — - - -
) W,Z
b 7' g ¢
B=57.7% B=11% B=8.6% B=2.9%
N(H) at FCC-ee~2.e5 ~1.5e5 @FCC-ee ~5.e4 @FCC-ee
s d
H H
- — - - — -— ---
B=0.024% 5 B=6-10"7 1 =1.4-107
N(H) at FCC-ee~400 ~1 @FCC-ee ~0.3 @FCC- ee

m Significantly improved jet-flavour tagging: Exploit 10*? Z -, jj tag-and-probe
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Higgs — gg decay & BSM

® H- gg partial width known today theoretically at N*LO (approx) accuracy

o o e ¢ Uncertainties today:
*  AB(H-gg) ~ £3% from higher-order corrs.

* " AB(H-g0) ~ +4% from Aos(m;) =~ 1%

- ggi T % T @i Much larger than Axy ~ £0.7% (FCC-ee)

®m Percent deviations on Higgs-gluon (loop-induced) coupling in BSM:

Table 5: Deviations from the Standard Model predictions for the Higgs boson couplings in %

Model bb ce gg WW 1 ZZ vy I
1 MSSM [40] 148 08 -08 02 +04 05 +01 +03
2 Type Il 2HD [42] +101 -02 -0.2 00 498 00 +0.1 498
3 Type X 2HD [42] -02 02 -02 00 +78 00 00 4738
4 TypeY 2HD [42] +101 -02 -02 00 -02 00 01 -02 |
5 Composite Higgs [44] 64 64 -64 -21 -64 -21 -21 -64 @AXIv:1708.08912]
6 Little Higgs w. T-parity [45] 0.0 00 -61 -25 00 -25 -15 0.0
7 Little Higgs w. T-parity [46] -78 46 -35 -15 -78 -1.5 -1.0 -7.8
8 Higgs-Radion [47] -15 -15 +10. -15 -15 -15 -1.0 -1
9 Higgs Singlet [48] 35 35 -35 -35 -35 -35 -35 -3.5

B TH work needed to reduce intrinsic uncertainties: Today O(3%) - O(<1%)
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But gluon jets are badly known today

m MC LL parton showers differ vastly on gluon jet substructure properties:

p Quark, hadron-level Gluon, hadron-level ) Separation, hadron-level
thia 8.215 —— Pythia 8215 == thia 8215 ——
g;gmigz_m —— || Gluon rad.& frag. Forwigar, ——- ) P‘I’gmigz_y_l -
5+ Sherpa 221 ----- 1+ poorly known Sherpaz21 ----- . ifs Sherpa221 ====-
Vincia 2.001 ——— Vincia 2.001 — =~ i Vincia 2.001 ===
Deductor 102 === Deductor 1.02 === L5 H Y Deductor 102 === |
4t Ariadne 508 e | L Ariadne sop e | H Ariadne 50 e
Dll’e 1.0.0 semmmeee- Dll‘e 1.0.0 =memeeeees : :- 5 Dire 10,0 sememmeee
= Analytic NLL e Analytic NLL e g-n Analytic NLL =
2 3f Q=200GeV | Q=200GeV | I 1 Q=200GeV
o R=0.6 R=06 3 R=06
2 e \ e*e—H—0Q . U-quark vs gluon
—/ — ) Vs H . . .
e‘e—Z—-uu 99 05 - 3 discrimination
. : y .. power
7 E Ly )'Nv
0 e L " N N | N L 0 o N N L ! Il
0 0.2 04 0.6 08 10 0.2 04 0.6 08 1 0 02 04 0.6 0.8 1
A5 [LHA] M s [LHA] M= [LHA]T
simulation / truth
16 . . . [G.Soyez et al ]
. . . 7' i H -
m Unphysical differences in - 99 99 |

the radiation pattern of

g&gjetsinlLL PS:

m N"LL PS + high-quality

1.4

131

1.2

1.1r

Ishowerldw, k2| ki) / I

"~ Difference in the azimuthal
angle between the two
hardest emissions

e*e  gluon jet data/tuning

0.9

0.3 < k,/k,<0.5

a-0,-0.6 <a_Ink,/Q<-05 |

badly needed.
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Strange Yukawa via H - ss

[2003.09517] Momentum weighted fraction:

Ks Ks
NSB NSB
Leptons

CSB Leptons
CSB

Strange pr = 45 GeV Down pr = 45GeV

Tagger exploits directly full list of jet

constituents (ReconstructedParticles):
[O(50) properties/particle]

X [~50-100 particles/jet]

~ (O(1000) inputs/jet

> 1
E
(]
0
o
< 10~
O
(2
E
7}
1072
10°°

m FCC-ee will produce O(400) H - ssbar decays. Can one measure ys?
m ParticleNet jet tagger exploiting hadron PID (via dE/dx, ToF, RICH):

FCC-ee Simulation (IDEA)

1 VB R

1 lIIIlIIl

] lIIIIIi|

I I 1 I I

o'e’ = ZH,H—jj

j=udscbg

— s vs ud
— S VS C

S t?agging

| lIIIII!|

0

02

0.4

i
0.6

08 1
jet tagging efficiency

®m Analysis e'e" - HZ, H - gqg with N=2] exclusive jet algorithm:
Backgds: WW/zZZ/Z, gqH, HWW, HZZ
Combined jj (Hbb, Hcc, Hss, Hbb) fit yields: H — ss with O(80%) uncertainty

ESPP Venice, June’25

25/29

S. Moch / D. d'Enterria



Strange Yukawa via H - ss

m Does the H - gg(ss) “Dalitz” decay jeopardize the H - ss measurement?

Dalitz decay (af Yukawa decay (y2) ]
) 0 | : | For m;>100 GeV:
' Dalitz ssg decays
1 are no bottleneck
s to the ys extraction
Hogg 81x102 1o’ (but high mass
H = ss ~ 2 x 104 Yukawa--interference resumm needed)
Ratio is ~ 400 I R T
Q[GeV] [M.Spira; G. Salam]
B Need also N"LL parton
showers (matched to s Hear e el Hegg e
. - - 3 ¢ ‘. g————ﬁ M
N"LO) and accurate T e = — 8
& preCISe S, g Other gluon fragmentation sources:
hadronization: o 8 B Factories? LHC?
High-precision hadron 3 Zobbs N3 e 28 - 28
data (Tera-Z, B-factories?)
I Z — bl_)g
needed to reliably : “Hairpin” [P.Skands]
dlStlﬂgUlSh Ieadlng S,U,d,g 3 Configuration Y — ygg Diffraction?

Another clean s source? W — ¢§

fragmentation hadrons
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Summary: QCD for Higgs physics

®m Precision needed to fully exploit the (B)SM program at Higgs factories
requires exquisite control of pQCD & non-pQCD: B(H - had)=80%

m 3 key examples: g

(1) Studying BSM in Higgs-gluon coupling within e
+0.7% (exp) requires as(mz) within +0.1%:

(2) Identifying gluon jets requires significantly
improved gluon fragmentation
In parton shower (NNLL) MCs:

dAa/ CWu,s

High-stats data samples to be exploited:
e‘e'-~Z-qq(9), e'e - H(gg)Z

(3) Observing strange-Yukawa .

requires significantly improved __5 _ Ho g
quark & gluon hadronization: A

. . ; 8 RAREE . H— gg JPLALI

* Dedicated studies of huge/clean hadronic I ———— W

Z,W - ) samples are key to H - Jj physics.

ESPP Venice, June’'25 27/29 S. Moch / D. d'Enterria



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(a,0), O(ala’)
0s(Mz)  Hadronic W width 6(c), 6(a%), 6(a), O(a,0?), 6(a,a’), 6(ata?)
iNn e'e”  Hadronic 7 width ()
Hadronic event shapes (Z, W, H decays) N°LO differential, N>YLL resummation, power corrections
Inclusive jet rates 3-jet cross sections at N3L0, 4-jets at NZLO, S-jets at NLO
.CXs(mz) Lattice QCD results 6(08) B-function; €(a) heavy quark decoupling; &(o) static potential
in latt. (o, extractions; quark masses m,,m,,) O af ) lattice perturbation theory matching (lattice coupling to afTS etc.)
Mw,Miep e e > WW7)vs. /s EW N’LO: 6(a”), Mixed EW-QCD: 6(a,a°), (0 )
in ete- olete” — i) vs. /s NRQCD: &(c), Non-resonant: &(cr)),
0(c) differential; QED: &#(o®) at NNLL
QCD H—> bb width N*LO (massive b-quark); N*LO differential (massless b-quark)
in Higgs H-— gg width N°LO (heavy-top limit), N*LO (massive top)
e*er,e-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,...)
('xs(m Z) ep — hadrons (PDF and «, determination) N>*LO evolution equations and inclusive cross sections
inDIS _ep— jets (o, determination) NLO cross sections

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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Summary: Precision QCD at future facilities

®m Precision needed to fully exploit the (B)
requires very precise measurements of

Strong coupling

5 03 Aa +0 1%
I
z:'d‘? \O\\;f | &ocl . . 00
Top'mass & QCD
“j Pp:  Amip (EXP) = Aqcp
e*e™: AMip (th) & B X AMiop (exp)
‘I
Higgs & QCD =
I N"LO + N'LL PS

5 10 30

Am¢ [MeV]

100 200 400

+ hadronization

SM program at Higgs factories
PQCD & non-pQCD physics:

|
FCC-ee(2) W mass & QCD
FCC-ee(l)L pp/ep
LEP3(2) | Amw (exp) = 3 MeV
LEP3(1) e'e:
Le2) Amy (th) > Amyw (exp)

LHC

6

4
Amy [MeV]

2

————

H— gg

" LY
— 3
[y .
‘~_--'

¥ Theory (pQCD, latt-QCD, PS MC) progress needed
¥ Exp. QCD studies with huge e*e - jj samples key to EW, H, top physics.
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Backup slides
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o, determination (future)

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 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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Flavor-violating Higgs decays

bd s

m Are there flavour-violating i .
nggS deCayS H - qq’ ? — i - B(SM)NlO'zO - - — B(SM)NlO'Z'g'”

b-tagging , c-tagging u sbd
> M P
% PR B b taggiog E E o2, H )] _— [arXiv:2306.17520]
_g j=u,q,s,c,b,g _8 i j=u,d s cbg
g — g T— . | - Projected sensitivities:
Tl ) T P T Ny /¢ ) ) )
g r —bvsc ‘E - —cwb ": / 1 be,bd,CU -~ 3'10- y ySd - 8'10-
e % Ll / well beyond current
- | . F A f indirect constraints
002 04 06 08 1 0% 02 04 06 08 (Bs and D meson oscillations)
jet tagging efficiency jet tagging efficiency
Up -taggi -taqgaqi
5 Progsms FCC-ee simulation (IDEA) 100 pown =90 FCC-ee simulation (IDEA) - ExpeCted reaCh Strongly
= i depend on the performance
HSses | — ey (P —

O e of jet flavor taggers:

— vs'b (7_classes)

Tunable (tag&probe) with ultra-
pure Z-qq, W-qq' samples

Jjet misid. probability
=

jet misid. probabilit,
S

arXiv:1902.08570
10750 02 04 06 08 10 0= 02 04 06 08 o arxXiv:2202.03285

jet tagging efficiency jet tagging efficiency
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Higgs decays widths & QCD coupling

® H - gg partial width known today theoretically at N*LO (approx) accuracy

g g g
g
H----- g H----- g  H-----
g
g E g
g g g
g
H----- q H----- q H-----
q
q q q
Partial width intr. QCD  intr. electroweak total para. my para. o
H — bb ~ 0.2% < 0.3% <04% | 1.4% 0.4%
H — cc ~ 0.2% < 0.3% < 0.4% 4.0% 0.4%
H — gg ~ 3% ~ 1% ~32% | <02% 3.7%
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Higgs decays widths & QCD coupling

g

g

® H - gg partial width known today theoretically at N*LO (approx) accuracy

H----- g H----- g  H-----
g
g g g
g g g
g
|- q | — g8  Hrrees
q
q q q

B FCC-ee will reduce as(mz) uncertainties to required kg +£0.7% exp. precision

decay projected intr. | para. mq para. s prec. on g%; XX
H — bb ~ 0.2% 0.6% < 0.1% ~ 0.8%
H — ce ~ 0.2% ~ 1% < 0.1% ~ 1.4%
H — gg ~ 1% 0.5% (0.3%) | ~ 1.6%

TH work needed to reduce intrinsic uncertainties: Today O(3%) - O(<1%)
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Precision QCD benchmarks & input docs

m 3 precision-QCD benchmark points defined:

1) as(mz) and its Q? dependence.
2) Strong interaction impact on precision measurements of My
3) Strong interaction impact on precision measurements of my

m 36 ESPPU input docs. associated to precision-QCD received.:
O(20) with concrete precision-QCD information:

Low 4/s: MuonE (1), PBC (1), STCF (1)

DIS machines: DIS-EPPSU (1), LHeC (4)

H/EW/t factories: ECFA HET Fact. (1), FCC-ee (4), LEP3 (2), LC (1)
Energy frontier: FCC-hh (2), Muon Collider (2)

Theory: FORM (1), QIT (1)

m Plus results from recent community reports & experts consultation:

Belle-II: https://inspirehep.net/literature/2063309, (see A.Vossen, next)
EIC: https://inspirehep.net/literature/1851258, (see Win Lin, next)
Lattice QCD:https://inspirehep.net/literature/2053387 (+upcoming feedback)
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ECFA HET e+e- factories

m HET e+e- factories:

- At FCC-ee: alpha_s(m_Z) with £0.1% uncertainty, alpha_s(m_W) with £0.2%.

- QCD impact on m_W measurement:

NNLO corrections to the W-pair production and W-boson decay processes
as well as leading corrections beyond NNLO can be calculated within the
EFT approach, and a theory-induced systematic uncertainty below 0.5 MeV
on mW from an energy scan near threshold seems feasible. For intermediate
and high energies, a full NNLO calculation for W-pair production in the
double-pole approximation would be most desirable; a task that should be
achievable in the next decade, anticipating further progress at the frontier of
loop calculations. Newly developed colour reconnection and hadronisation
models should also be considered.

- QCD impact on m_top measurement:

From a detailed assessment of systematic uncertainties, the final precision is
expected to be dominated by the scale uncertainties in the N3LO NRQCD
prediction, at the level of 20 MeV and 14 MeV at 68% CL for m_t and
Gamma_t, respectively, underlining the need for theoretical advancements

to fully profit from the physics potential of future e+e- colliders.

The contribution to this uncertainty from alpha_s is 2 MeV, given the assumed
10"-4 precision.
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FCC-ee, FCC-hh

m FCC-ee:

- QCD impact on precision Higgs physics.

- QCD impact on m_W measurement:

A theoretical uncertainty of 0.1% in the total cross section for e+e- -> W + W- threshold line-shape
translates into a delta mW~1.5 MeV uncertainty. Current state-of-the-art predictions reach delta
m_W ~ 3--5 MeV precision, whereas achieving an uncertainty delta m_W < 0.5 MeV will require
the calculation of the NNLO EW corrections (currently out of reach), as well as the inclusion of
mixed EW-QCD [126] effects and a refined treatment of QED initial-state radiation [127].

Direct m W extraction via the reconstructed invariant mass of W boson decay products needs
dedicated studies for a precise assessment. Among the leading theoretical systematics,
nonperturbative color-reconnection (CR) effects in the hadronic decays of both W bosons are
expected to play a role. The precise m_W extracted from leptonic decays as an input, can be
used in lepton + jets and fully hadronic WW decays at FCC-ee will benefit the development
and tuning of such CR models.

- QCD impact on m_top measurement:

The final foreseen experimental precision on m top and Gamma_top will be of about 7 and 13 MeV,
respectively, dominated by statistical uncertainties (Table 3), whereas missing higher orders in the
theoretical predictions amount to 35 (25) MeV on m_top (Gamma_top)

Progress needed include the computation of N4LO corrections in the non-relativistic EFT framework,
as well as the description of QED effects at NNLL both in the collinear limit (e.g., ISR [152,153]))

and in the soft limit (as discussed in Ref. [154]). Plus N*"3LO calculation for the nonresonant channels.
The theoretical description of differential distributions, which are central to controlling precisely the
effect of experimental cuts., is less accurate than that of the inclusive quantities,and reaches either

NLO or NNLO accuracy only for specific observables [155, 156]
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